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Vavenby Area, south-central British Columbia
Director: James W. Sears
New 1:20,000-scale mapping within the pericratonic rocks of the Eagle Bay assemblage 
near Vavenby, south-central British Columbia, reveals the stratigraphie transition from 
Early Cambrian (or older?) continental-slope, siliciclastic rocks to a sequence dominated 
by thick successions of Early Cambrian mafic volcanic and volcaniclastic rocks with an 
associated archaeocyathan-bearing carbonate complex. These rocks are overturned and 
structurally overlie the Devonian-Mississippian portion of the Eagle Bay assemblage.
This Early Cambrian (and older?) section is interpreted as recording the transition from 
deeper water, turbiditic and pelagic sedimentation to a period of extensional tectonism 
and creation of a shallow-water mafic volcanic edifice. This volcanic edifice temporarily 
supported a patchwork of Early Cambrian carbonate systems that were subsequently 
overwhelmed by ongoing volcanism. The Early Cambrian (and older?) pericratonic rocks 
within the Eagle Bay assemblage record a period of Early Cambrian tectonism and mafic 
volcanism that supports recent models of continental separation in this region at that time.
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INTRODUCTION
The Vavenby map-area straddles the North Thompson River near a prominent 
westerly bend in the river at the town of Vavenby, approximately 20 km east of 
Clearwater in south-central British Columbia (Figure 1). It lies between latitudes 51 
degrees 31 minutes and 51 degrees 39 minutes north and longitudes 119 degrees 48 
minutes and 119 degrees 38 minutes west (Canadian NTS map sheets 82M-052 and 82M- 
062). Bedrock in the area consists of metasedimentary and metavolcanic rocks of the 
Eagle Bay assemblage. The area is characterized by an Early Cambrian (and older?) 
succession that is tectonically juxtaposed (and overturned) over a Devonian- 
Mississippian succession (Schiarizza and Preto, 1987). Most of the rocks within the study 
area are moderately deformed and have undergone lower greenschist-fecies 
metamorphism, but primary bedding features are commonly preserved.
The main goal of this study is to place the rocks of the Vavenby area in the proper 
tectono-stratigraphic and paleogeographic context using traditional mapping techniques, 
regional structural/stratigraphie relations, litho logical analysis, metallogenesis, and 
lithogeochemistry.
Fieldwork in the Vavenby map-area (Figure 2) was conducted during an eight- 
week period of the summer o f2000. This project was in conjunction with the Geological 
Survey of Canada as part of the Ancient Pacific Margin NATMAP project, a 
comprehensive analysis of the pericratonic terranes of the Canadian Cordillera. This 
thesis presents results and interpretations of the research in the area. It includes 
discussion of the litho logy, structure, metamorphism/alteration, metallogenesis,
1
geochemistry, regional bomotaxial correlations, and tectonic significance of the rocks of 
the Vavenby area.
Steep topography, dense vegetation, and thick deposits of glacial till and river 
gravels characterize the Vavenby map-area. Exposures of bedrock can be found along 
area logging roads (mostly inactive), clearcuts, mountaintops, cliffs, and creek canyons.
Ancestral North America
Yukon-Tanana Terrane
Kootenay Terrane
Slide Mountain Terrane
Accreted terranes (?)
Study Area
Pacific O cean
r* Vancouver
U.S.A.
Figure 1. Location of the Vavenby map-area within the pericratonic Kootenay Terrane of 
southeastern British Columbia (modified after Wheeler and McFeely, 1991).
REGIONAL GEOLOGY
The term ‘pericratonic’ refers to Cordilleran rocks that lie between North 
American continental margin strata to the east and allochthonous oceanic terranes that 
have been tectonically emplaced to the west (Figure 1). The pericratonic rocks were 
deposited at the outermost edge of the North American continent from Proterozoic to 
Mesozoic time. They record a period of dynamic tectonism that included processes 
related to the opening of the Pacific oceanic domain as well as arc collision during 
Jurassic time (Thompson et al., 2000). Pericratonic terranes occur intermittently along the 
length of the Canadian Cordillera and into central Alaska.
Metasedimentary and metavolcanic rocks of the Eagle Bay assemblage are 
included in the pericratonic Kootenay Terrane of south-central and southeastern British 
Columbia (Wheeler and McFeely, 1991). Okulitch (1979) studied these rocks and 
correlated them with components of the Kootenay Arc, an arcuate belt of Kootenay 
Terrane rocks that occurs east of the Shuswap metamorphic complex. Schiarizza and 
Preto (1987) later mapped the rocks of the Eagle Bay assemblage in detail. They 
determined that the Eagle Bay assemblage consists of a “lower Paleozoic (and older?) 
succession of clastic metasedimentary rocks, carbonate and mafic metavolcanic rocks, 
and an overlying Devonian-Mississippian succession of felsic to intermediate 
metavolcanic rocks and clastic metasediments”. In the Vavenby area, these rocks are 
locally intruded by Devonian orthogneiss and Cretaceous quartz monzonite and biotite 
granodiorite of the Baldy and Raft batholiths, respectively. The Early Cambrian (and 
older?) succession consists primarily of deformed and metamorphosed sandstones and
feldspathic grits that pass stratigraphicaily upward into a thick package of mafic 
metavolcanic rocks containing a sparsely fossiliferous, shallow-water carbonate unit 
(Tshinakin Limestone). The Devonian-Mississippian succession consists of felsic to 
intermediate metavolcanic rocks, orthogneiss, metasedimentary rocks, and lesser amounts 
of mafic metavolcanic rocks. Rocks of the Eagle Bay assemblage occur in four tectonic 
slices separated by west- to southwest-verging thrust faults (Schiarizza and Preto, 1987). 
The Vavenby area contains rocks of the third and fourth of these foult slices. The third 
slice contains the Devonian-Mississippian succession, and the fourth slice contains the 
structurally overlying Early Cambrian (and older?) succession. These two packages are 
separated by the Vavenby thrust foult (Figure 3). Despite regional deformation and lower 
greenschist-facies metamorphism, rocks of the Vavenby map-area commonly preserve 
original igneous and sedimentary textures. For this reason, sedimentological and igneous 
terminology is used where appropriate in this thesis.
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Figure 2. Geological map of the Vavenby area. Legend is on the next page.
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Figure 3. Tectono-stratigraphic relations in the Vavenby map-area. Stratigraphie column (on the 
right) based on line A-A* from Figure 2. Thicknesses of Units 1-4 are structural. Thicknesses and 
relations of Units 5-8 are schematic. Note that Unit 5 appears to be fault bounded.
LOCAL STRATIGRAPHY
(unit names in parentheses are after Schiarizza and Preto, 1987)
Early Cambrian (and older?) succession
Unit 1 (EBH) Quartzose turbidites
The oldest rocks recognized in the Vavenby map-area are quartzose 
metasedimentary rocks of Unit 1 (Figures 2 and 3). This unit is comprised mainly of 
brown, gray-brown, bluish gray, and greenish gray quartzite and micaceous quartz arenite 
with thin intervals of dark gray sericite phyllite, slate and calcareous and/or dolomitic 
sandstone, Beds are tabular to slightly trough-shaped and range from about 20 cm to 2 
meters in thickness. Rare beds within this unit show grading and/or intraformational rip- 
up clasts derived from the sericitic phyllite/slate (Photo 1). The sandstone is quartz-rich 
and composed of well-sorted, fine- to coarse-sand size grains. Feldspar is a minor 
component locally. The phyilitic layers are composed of extremely fine-grained sericite 
with sub-millimeter laminae of very fine-grained quartz. This unit is interpreted to 
represent deep-water turbiditic and pelagic sediments. These mature, quartz-rich 
sediments were likely derived from a continental source. The lower boundary of this unit 
is not exposed. The upper contact is characterized by intercalations with Unit 2 
litho logics and is interpreted as gradational.
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Photo 1. Intraformational rip-up clast contained in a graded bed within Unit 1.
Z7/f£f2(£BH) Feldspathic grit
This sequence is comprised of green, green-gray, light gray, and brown-brown, 
coarse-grained, immature subfeldspathic to feldspathic grits (Figures 2 and 3). Lesser 
amounts of fine-grained quartz sandstone and sericite phyllite are present. Bed 
geometries are dominantly tabular. Graded beds are common in this unit (Photo 2). These 
graded deposits often contain rip-up clasts of sericite phyllite/slate. Hummocky cross-
stratification and convoluted sofl-sediment deformation is sometimes present in the finer- 
grained portion near the tops of the graded beds (Photo 3). Otherwise, the beds are 
massive. Grain size generally ranges from medium sand to granule size, though small 
cobble-sized (up to 35 mm) clasts were seen in a thick (>10m) quartz-pebble 
conglomerate near the top of the unit. Sorting of most sandstone beds in this unit is 
moderate to poor. Small, subrounded lithic fragments of reworked quartzite were 
commonly recognized in thin-section. Feldspar generally comprises about 15-30% of the 
grains. These feldspar grains are subrounded to subangular and often show minor 
carbonate and/or sericitic alteration. They are generally the same size as the quartz grains 
that make up the rest of the rock. The quartz grains are clear, smoky, and, less commonly, 
blue. Coarsely recrystallized ooids from one locality (approx. 5716290N, 313820E) were 
observed in thin-section. Fine-grained chlorite and/or chlorite-sericite assemblages are 
common in the matrix of these rocks and become more abundant toward the top of the 
unit, giving the rocks a distinct green color. This matrix generally comprises 10-15%
(and locally up to 30%) of the rock. This unit is interpreted as a shoaling-upward 
sedimentary sequence where turbidites and/or submarine debris flows carried immature 
clastic sediments from a nearby uplifted sedimentary and basement source. Soft-sediment 
deformation could be due to activity along faults that accommodated the uplift. The 
presence of hummocky cross-stratification near the top of the unit, as well as rare ooid 
grains, indicates a shallow water setting for this portion of the unit. Graded beds within 
this unit indicate a generally southwest-younging direction. Gritty, chlorite-sericite 
metatuffs and intercalations with Unit 3 litho logics characterize the stratigraphie contact 
with Unit 3.
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Photo 2. Top of one graded bed and the bottom of another in Unit 2. Pencil points to faint cross­
bedding in finer-grained portion within the top of the lower bed.
Unit 3 (EBGf) Sericite schist and calc-silicate schist
Unit 3 is comprised of calcareous feldspar-sericite schist, carbonate-rich schist 
and marble, and lesser amounts of chlorite phyllite and plagioclase-phyric chlorite 
greenstone (Figures 2 and 3). The calcareous feldspar-sericite schist is composed of gray, 
white and/or orangish gray feldspar-sericite schist, feldspar-sericite-quartz schist, and 
sericite-chlorite-feldspar-quartz schist. It is fine- to medium-grained (1-10 mm crystal
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grains). Calcite generally con^rises 15-20% of the rock. Locally, this schist may contain 
up to 10% hornblende, Lapilli-size intraformational lithic fragments are common. Small 
Fe-carbonate grains are common. These give an orange speckled appearance to the schist 
upon weathering. Small (1mm diameter), roundish quartz eyes are seen at several 
localities and are commonly embayed by the finer-grained matrix. Spherulitic texture was 
petrographically observed from one locality (approx. 5720880N, 309090E).
The carbonate-rich schist and marble portion of Unit 3 is composed of grayish 
calc-silicate schist» marble, and chlorite-laminated marble. In northern exposures, fine­
grained chlorite phyllite and miarolitic, plagioclase-phyric chlorite greenstones are also 
common within these rocks. These miarolitic cavities are filled with plagioclase. Their 
preservation is likely associated with a relatively undeformed region near the axial plane 
of a large-scale fold in the northwest quadrant o f the map-area (see STRUCTURE and 
Figure 4).
The carbonate-rich schist and marble portion of Unit 3 appears to overlie the 
calcareous feldspar-sericite schist portion, but intercalations of these two lithologies 
occur at many localities, making it difficult to separate these Ethologies into different 
facies. The carbonate-rich portion is a lesser component in exposures south of the North 
Thompson River. However, to the north of the river it comprises at least 80% of the 
exposures. The upper (carbonate-rich) portion of Unit 3 grades upward into the overlying 
mafic metavolcanic rocks of Unit 4. This transition zone is characterized intercalations of 
calc-silicate schist and chlorite phyllite.
The chlorite-rich rocks that occur in the northern exposures of Unit 3 are fine­
grained to plagioclase-phyric with abundant miarolitic cavities. Unit 3 is interrupted just
12
Photo 3. Hummocky cross-stratification in upper portion of Unit 2.
to the northwest of this area, near Peavine Creek, where pyroxene-chlorite porphyry of 
Unit 4 is seen to be in direct contact with Unit 2. This coincides with the stratigraphie 
interruption of Unit 4b (the Tshinakin Limestone) in this same area (Figure 2).
Overall, Unit 3 is likely to have been derived from felsic to intermediate 
metavolcanic rocks deposited in a shallow-water environment. This interpretation is 
based on the presence of shallow-water features (ooids, hummocky cross-stratification.
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etc.) within rock units both above and below Unit 3. The upward increase in carbonate- 
bearing rocks within this unit suggests an increasingly carbonate-rich environment. The 
presence of spherulitic texture indicates devitrification of a rapidly quenched volcanic 
material (Cox et ai, 1979), such as would be expected of subaqueous deposition. Rocks 
of Unit 3 represent a relatively small burst of felsic volcanism before the deposition of 
the thick mafic volcanic deposits of Unit 4. The plagioclase-phyric, chlorite-rich rocks 
present in northern exposures represent mafîc tuffs and/or shallow-level intrusive feeder 
dikes for the overlying mafic metavolcanic rocks (Unit 4). The stratigraphie interruption 
of Unit 3 near Peavine Creek is likely due to the emplacement of a larger mafic intrusive 
body associated with the eruption of Unit 4 rocks. Lithogeochemical analysis a few 
samples of the metavolcanic component of Unit 3 indicate a rhyodacitic to rhyolitic 
con^sition with evidence of possible continental crustal contamination of the parent 
magma (see LITHOGEOCHEMISTRY),
Unit 4 (EBG) Massive and fiagmental greenstones
Unit 4 is dominated by chlorite-rich, calcareous greenstone (Figures 2 and 3) with 
lesser amounts of mafic volcaniclastic sandstone and polymictic, lithic conglomerate. The 
volcanic textures of the greenstone include massive, fiagmental, tuffaceous, porphyritic, 
vesicular/amygdaloidal, and trachytic. Fragmental greenstone is common and forms 
sequences tens to hundreds of meters thick (Photo 4), These rocks generally are matrix- 
supported (10 to 60%). Fragments range fiom lapilli-size to several meters in diameter 
and usually are of similar composition to the matrix. However, fiagments of marble and 
(less commonly) quartzite and granite were also observed. Marble fiagments are
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generally the largest of these. Fragments are well-rounded and usually slightly flattened, 
if at all. Small marble pods and lenses, as well as rare dropstones (Photo 5), are present in 
fine-grained mafic metatuff intervals near the stratigraphie top of the eîq)osed unit. 
Crystal lithic tuffs with lapilli-sized, intraformational fragments were noted in the 
extreme southeastern comer of the map-area, near the headwaters of Chuck Creek.
" A
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Photo 4. Fragmental greenstone of Unit 4. Fragments are of similar composition to the matrix.
15
Plagioclase-phyric greenstone contains roundish to angular phenocrysts of 
plagioclase. This rock-type commonly displays trachytic texture, indicative of flow 
banding within mafic flows or intrusions. Also, a body of pyroxene-chlorite porphyry 
with large (up to 1 cm) pyroxene phenocrysts cuts across stratigraphy in the northern 
portion of the map-area, near Peavine Creek (Figure 2). The pyroxenes in this porphyry 
are generally euhedral and commonly display chlorite alteration (often resulting in 
chlorite pseudo morphs of original pyroxene). Similar textures occur in lesser abundance 
on the slopes above and east of Avery Lake. Unit 4 also contains a thick, shallow-water 
carbonate horizon (Subunit 4b). A polymictic, lithic conglomerate occurs near the 
structural base of the unit, on the lower slopes between Jones and Avery Cr. This 
litho logy contained granule to pebble-sized grains with rare cobbles. These clasts consist 
of chert, vein quartz, quartz sandstone, slate, phyllite, and intraformational clasts of 
conglomerate.
The exposed top of unit 4 is in thrust contact with various units of the Devonian- 
Mississippian succession (Figures 2 and 3; photo 6). The contact with Subunit 4b is 
characterized by intercalations of the two lithologies and is interpreted as stratigraphie. 
Therefore, Unit 4 is part of a continuous stratigraphie package that is otherwise 
dominated by shallow-water sediments (Units 2, 3(?), and 4b). Unit 4 is interpreted be a 
large volcanic edifice derived from mafic flows and flow breccias that were deposited in 
this shallow-water setting. The rounding of fragments within the mafic flow breccias of 
Unit 4 indicates the creation of a significant paleoslope and subsequent downslope 
movement of these clasts prior to entrainment into the volcanic flows. This unit 
represents a period of mafic volcanism and tectonism along the ancient margin of North
16
America. Lithogeochemical analyses of massive greenstones from Unit 4 indicate that 
they are derived from basalts of dominantly alkalic composition with lesser amounts of 
more sub-alkalic basalts in the upper portions of the unit. The lithogeochemistry o f these 
rocks suggests eruption in an evolving rift setting (see LITHOGEOCHEMISTRY).
Subunit 4b (EBGt) Tshinakin Limestone
This subunit is composed of light- to medium-gray limestone and/or marble 
(Figures 2 and 3). It also contains lesser amounts of dolomitic limestone, calc-silicate 
schist, quartzite, slate, and siliceous sericite-feldspar schist. It occurs as either a single, 
thick succession hundreds of meters thick or a preponderance of large, individual 
carbonate bodies (up to 30 m across) within the mafic volcanic rocks of Unit 4. The 
Tshinakin Limestone seems to vary in thickness and, in some areas, to rapidly pinch out 
into a series of large carbonate blocks from one to tens of meters across. In at least one 
area (approximately 4 km northwest of Vavenby, near Peavine Creek), one of these 
stratigraphie interruptions is associated with the presence of a coarse-grained, pyroxene- 
chlorite intrusive body. The Tshinakin Limestone continues south of the map-area, in a 
similar pinch-and-swell pattern, to the Adams Plateau region where it is over 1000m 
thick (Schiarizza and Preto, 1987). Where this unit is thick, it forms prominent chffs and 
is a useful marker bed. The Tshinakin Limestone is commonly recrystallized andmassive, 
with local flaggy partings. Intraformational breccia, white/white banding, stylolites, and 
vague linear (bedding?) features occur locally. Fine chloritic laminae and mottling occur 
where it is interbedded with Unit 4. Locally, the Tshinakin Limestone contains oolitic 
packstone and Early Cambrian archeocyathan fossils (Schiarizza and Preto, 1987). This
17
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Photo 5. Rare dropstone in mafic tuffaceous interval near the stratigraphie top of Unit 4. Note that 
disturbed laminae above the dropstone indicate the rock is overturned.
Study confirms the presence of archeocyathan-like, organismic remains within the 
Tshinakin Limestone in the Vavenby map-area (Michael Pope, pers. comm.). However, 
recrystallization of these fossils has prevented positive identification thus far (Andre 
Zhuralev, pers. comm.). One fossil locality is about 4 km northwest of Vavenby (approx. 
572071 ON, 308240E) and possibly one other about 1 km east of Avery Lake (approx. 
5712020N, 310800N).
Grey to purplish gray, fine-grained calc-silicate schist, gray quartzite, dark gray 
slate, siliceous sericite-feldspar schist, and micaceous sericite-feldspar-quartz schist occur 
in small amounts near the stratigraphie top of the Tshinakin Limestone.
The Tshinakin Limestone is intercalated with, and encased within, the greenstone 
of Unit 4 and is interpreted to be a patchy, shallow-water, carbonate complex that
18
temporarily fringed the volcanic edifice of Unit 4. This carbonate system was 
subsequently buried and intruded by ongoing volcanism related to the deposition of Unit 
4.
Devonian/Mississippian Succession
Unit 5 (£BS) Phyilitic sandstone and conglomerate
Unit 5 is a heterogeneous succession of phyilitic sandstone and phyilitic quartz 
conglomerate with lesser amounts of dark gray silty limestone and graphitic phyllite 
and/or slate (Figures 2 and 3). No conclusive bedforms were seen in this unit. Phyilitic 
sandstone and conglomerate contain fine laminae of chlorite and sericite-chlorite phyllite, 
The sandstone is generally well-sorted, fine-grained quartz arenite. The conglomerate 
contains 30 to 60% granular to pebble-sized quartz grains, which are (in order of 
decreasing abundance) blue, milky, or smoky in hand sample. In this conglomerate, the 
phyilitic matrix comprises about 20-30% of the rock. The limestone is uniformly dark 
gray to black with a well-developed slaty cleavage that shows carbonaceous silt upon 
parting. Unit 5 appears to be separated from Unit 8 by a premetamorphic 
(synsedimentary?) fault (see STRUCTURE, Figures 2 and 3). It seems to overlie unit 6 , 
but the nature of this contact is unclear due to poor exposure. This unit appears within 
one north-trending structural block in the map-area that is defined by Eocene(?) feults. It 
is not seen elsewhere in the map area. One of these Eocene(?) faults (the Jones Creek 
fault) roughly parallels the contact between Unit 5 and Unit 8 and may represent recent 
reactivation of a premetamorphic fault boundary (see Structure).
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Unit 6 (EBQ) Garnet schist
Unit 6  consists of gray to tan stanrolite(?)-gamet-biotite-quartz schist and 
staurolite(?)-gamet-muscovite-biotite schist derived from quartz sandstone and pelite 
intervals, respectively, which occur in lesser amounts (Figures 2 and 3). It generally 
displays a higher metamorphic grade (anq>hibolite-facies) than other rocks in the area 
because it commonly occurs within the metamorphic aureole of the Raft batholith. 
Bedding geometries are tabular and are generally 10 cm to 2 m, though some beds are up 
to 8 m in thickness. Quartz occurs as fine- to coarse-sand grains and displays moderate to 
good sorting. Round garnet porphyroblasts are 0.5 to 2 cm in diameter with pink cores 
and greenish rims. In the metapelite intervals, biotite occurs as coarse-grained flakes in a 
finer-grained sericite matrix.
Unit 6  outcrops north of Reg Christie Creek in the footwall of the North 
Thompson Valley/Reg Christie Creek fault. It resembles the rocks of Unit I, but is 
interpreted to be part of the Devonian-Mississippian succession due its structural position 
in an uplifted block ‘behind’ the Vavenby Thrust friult and £q)parent intercalation with 
Unit 7 within the hanging wall of the North Thompson Valley/Reg Christie Fault (see 
Figures 2 and 5). South of Reg Christie Creek, the metamorphic grade is lower 
greenschist-facies and Unit 6  litho logics are represented by micaceous quartzite and dark 
gray chlorite-sericite phyllite. Therefore, the rapid increase in metamorphic grade across 
Reg Christie Creek is interpreted as a faulted contact between the uppermost portion of 
Unit 6  and a lower portion of it that represents a broader contact aureole around the Raft 
batholith at depth (see STRUCTURE). Similarities between Unit 6  and Unit 1 suggest the 
possibility that Unit 6  is derived from sediments of Unit 1, remobilized during Devonian
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time. Unit 6  is also locally intruded by Devonian orthogneiss (Unit Dgn). The bottom of 
Unit 6  is not seen in the area, but Unit Dgn underlies it regionally (Schiarizza and Preto, 
1987).
Unit 7 (£BA) Quartz-sericite schist
Unit 7 is composed mainly of gray, silvery gray, and silvery greenish-gray quartz- 
sericite and chlorite-quartz-sericite schist (Figures 2 and 3). Lesser amounts of graphitic 
phyllite and/or slate, as well as quartzite, are occasionally present. Quartz granule occurs 
rarely. Unit 7 outcrops in the southern part of the map-area and seems to thin rapidly to 
the east until it is truncated by the Vavenby Thrust (Figure 2 ). Unit 7 is underlain by Unit 
6  and/or Devonian orthogneiss (Unit Dgn). The contact with Unit 6  is gradational. Where 
Unit 7 is underlain by orthogneiss of Unit Dgn, the contact is intrusive in nature. Dikes of 
Devonian orthogneiss (Unit Dgn) also intrude rocks of Unit 7.North of the North 
Thompson River, litho logies of Unit 7 occur in very small amounts within overlying 
rocks of Unit 8 . However, it comprises too little of the rock in that area to be shown on 
the map. Unit 7 is derived from felsic to intermediate volcanic tuffs (Schiarizza and 
Preto, 1987; Bailey et al., 2001). South of the Vavenby map-area. Unit 7 rocks have 
yielded middle Devonian zircon ages where they outcrop near Adams Lake (Schiarizza 
and Preto, 1987).
Unit S (EBP) Graphitic phyllite
Unit 8  is dominated by dark gray graphitic phyllite and slate. It contains lesser 
amounts of thin bedded, dark gray, silty limestone, silvery gray sericite phyllite, and
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greenish gray chlorite-sericite phyllite (Figures 2 and 3). It is commonly silîcifîed in 
association with silica veinlets near where it is truncated by the Vavenby Thrust. 
Mississippian conodonts occur in correlative units elsewhere in the Eagle Bay 
assemblage (Schiarizza and Preto, 1987). Contacts with Unit 7 are gradational and 
interpreted as stratigraphically concordant. Intercalations of Unit 7 and Unit 8 were seen 
north of the North Thompson River, suggesting that, in this area. Unit 8  has been eroded 
deeply enough to expose this stratigraphie transition.
Devonian Orthogneiss (Dgn)
This unit consists o f a sericite-feldspar-quartz to chlorite-sericite-feldspar-quartz 
schist and gneiss with varying amounts of biotite and muscovite mica (Figures 2 and 3).
It is derived from intrusive rock of dioritic to granitic composition. Orthogneiss of Unit 
Dgn intrudes and underlies Units 7 and 8 in the southern margin of the field area. East of 
Vavenby, in the vicinity of Reg Christie Creek, orthogneiss of Unit Dgn intrudes upper 
portions of Unit 6  as well as Unit 7.
Late Jurassic/ Early Cretaceous Granodiorite (Kg)
The Raft batholith consists of biotite granite to granodiorite of Unit Kg and occurs 
in the northern margin of the map-area (Figures 2 and 3). A several hundred meter wide 
zone of highly intruded and metamorphosed country rock characterizes the margins of 
this batholith. Metamorphic grades within the halo of the Raft batholith reach 
amphibolite-facies. The southern Raft batholith margin dips southward in exposures of 
deeper structural levels (Okulitch, 1979). This may explain the broader zone of
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amphibolite-facies metamorphism present in the northeast comer of the map area (south 
of the Raft batholith and north of Reg Christie Creek) where levels of exposure of 
country rock are deeper due to movement along the Reg Christie Creek fault (see 
STRUCTURE).
Late Dikes
Coarse-grained, northwest-trending feldspar-quartz and amphibole-feldspar- 
quartz porphyry dikes (3-10 m wide) are compositionally similar to portions of the Raft 
batholith and may be related to this intrusive unit.
White, chalky weathering feldspar-quartz porphyry dikes (2-4 m wide) were also 
observed. These have sparse quartz and feldspar phenocrysts in an aphanitic quartz- 
feldspar groundmass. These dikes parallel the coarser-grained, northwest-trending dikes 
associated with the Raft batholith and, in at least one instance, intrude these older dikes 
along the same plane. North-trending dikes of similar litho logy occur to the south of the 
Vavenby map-area and are interpreted as Tertiary in age based on cross-cutting 
relationships (Schiarizza and Preto, 1987). None of these dikes can be traced for any 
considerable distance, and none were large enough to be included on the map of Figure 2.
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METAMORPHISM AND ALTERATION
Most of the rocks in the Vavenby map*area contain lower greenschist-facies 
mineral assemblages. Within the metasedimentary rocks, platy chlorite, sericite, biotite, 
and/or actinolite crystals grow both parallel to, and at high angles to, the primary foliation 
of the rock. Metapelitic rocks consist of fine-grained chlorite and sericite-chlorite 
interleaved parallel to the primary foliation. Within the metavolcanic rocks, chlorite 
forms a fibrous to coarse-grained, wavy laminate that defines the primary foliation. 
Chlorite either partially or totally replaces original pyroxene crystals within some 
relatively undeformed mafic porphyry rocks of Unit 4. Sericite is a common accessory in 
these mafic metavolcanic rocks. However, it is a primary metamorphic mineral in the 
felsic to intermediate metavolcanic rocks (Units 3 and 7) of the area.
Locally, amphibolite-facies metamorphic mineral assemblages are present. 
Staurolite(?)-gamet-biotite assemblages exist in the north and northwest portions of the 
map-area. In the northwestern area, a narrow band of amphibolite-facies metamorphism 
is adjacent to the Raft Batholith and likely associated with it. The rapid change in 
metamorphic grade across Reg Christie Creek is interpreted as a faulted contact 
associated with the North Thompson Valley/Reg Christie Creek fault (Figure 2 and 5). 
The broader area of higher metamorphic grade to the north of this boundary is likely due 
to exhumation of deeper structural levels and a southward-bulging of the Raft batholith at 
depth (Okulitch, 1979).
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Local alteration assemblages within mafic metavolcanic rock of Unit 4 are 
associated with qnartz-calcite veining and include sericite (5-30%; after plagioclase), 
calcite (5-25%; after plagioclase), +/- epidote, +/- Fe-carbonate, +/- pyrite, and +/- 
magnetite. Local occurrences of abundant sericite alteration suggest the movement of 
hydrothermal fluids through the rock (Guilbert and Park, Jr., 1986). Lithogeochemical 
data suggest some major-element mobility within these rocks as well (see 
LITHOGEOCHEMISTRY).
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STRUCTURE
The oldest recognized structure in the Vavenby map-area is a pre-metamorphic 
fault exposed on the west side of lower Jones Creek canyon, in the southwest portion of 
the map-area (approx. 5714990N, 307101E). The primary Jurassic foliation (see below) 
continues across this feult without interruption or offset. This fault appears to roughly 
parallel the Eocene(?) Jones Creek fault and is not distinguished from it in Figure 2. This 
pre-metamorphic fault is north-trending, moderately east-dipping, and it separates 
different sedimentary litho logies near the contact between Units 5 and 8 (Figures 3 and 
4). Subsequent deformation has apparently changed the orientation of the original fault 
plane. It seems to be folded north of the North Thompson River (Figures 2 and 4). It has 
been speculated that such premetamorphic faults may be syndeposhional (Schiarizza and 
Preto, 1987 and Ken Daughtry, pers. comm.), making them Devonian to Mississippian in 
age. However, Bailey et al. (2000) interpreted a premetamorphic thrust fault in a similar 
stratigraphie and structural setting to the south, near Johnson Lake, possibly providing an 
alternate explanation for this premetamorphic fault. Either way, the friult must be older 
than the Jurassic deformational episode that folds it and foliates the rocks around it. This 
fault occurs in very close proximity to the (Eocene?) Jones Creek fault which defines the 
eastern edge of the only structural block in the Vavenby map-area that contain exposures 
of Unit 5. Therefore this fault plane may have been reactivated by Eocene(?) extension. 
The Vavenby map-area is dominated by a penetrative, synmetamorphic foliation 
that is axial-planar to a series of north to northwest-trending, southwest-verging,
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overturned mesoscale and macroscale folds. These features are likely related to 
movement on the south to southwest-verging Vavenby Thrust fsaxlt (Figures 4 and 5; and 
Photo 6 ). The hanging wall succession of this fault comprises the west limb of one of 
these large-scale folds. In the northwest part of the map-area, this limb is upright and 
beds dip steeply to the southwest. Moving southeast along strike, bedding planes steepen 
and eventually are overturned. To the west and southwest of the map-area, the same rocks
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Figures 4 (top) and 5 (bottom). Figure 4: Structural cross-section across A-A’. Structures below 
Vavenby thrust fault are extrapolated from adjacent outcrops. Figure 5: Structural cross-section 
across B- B*. No vertical exaggeration.
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are overturned in gently-dipping beds of the west-trending GrafiEiinder Lakes Synform 
(Schiarizza and Preto, 1987). Therefore, these rocks comprise the west limb of a large 
northwest-trending fold/nappe structure that appears to ‘roll over’ along its axial trace to 
the southeast. This apparent ‘roll over’ is likely due to exposure of different structural 
levels of the overturned thrust sheet in association with later generations of faulting 
(Figure 5; and see below). A region of well-preserved sedimentary and igneous textures 
(including ndarolitic cavities) within the thrust sheet (northwest of Vavenby) is likely 
associated with the relatively undeformed ‘nose’ of this structure. A repetition of Subunit 
4b (Tshinakin Limestone) in the southwest portion of the map-area is also a likely 
expression of this fold geometry. Within the Devonian-Mississippian succession, these 
north- to northwest-trending folds are evident in map pattern geometries and inferred by 
stratigraphie relations (Figures 2 and 4). North- to northwest-trending folds, the 
synmetamorphic cleavage, and the Vavenby Thrust are likely penecontemporaneous. 
However, latest movement on the Vavenby Thrust postdates the synmetamorphic 
cleavage as it is slightly offset along the fault. Regional early Tertiary extension 
displaced Vavenby area rocks from their original pre-Teitiary position along the western 
margin of the Selkirk Mountains (Figure 6 ) (Johnson and Brown, 1996), where 
correlative rock units occur in a similarly unique west- to southwest-vergent structural 
style known as the Selkirk Fan Structure (Colpron et al., 1998). This deformation 
occurred during the Jurassic (173-168 Ma) and was related to the Columbian Orogeny 
(Schiarizza and Preto, 1987; Colpron et al., 1998).
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Photo 6. Outcrop of the Vavenby Thrust Fault, placing greenstone of Unit 4 over phyllite of Unit 7.
Broad west-trending folds represent a later deformational episode in the Vavenby 
map-area. The axes of these folds are roughly parallel to pluton boundaries of the Baldy 
batholith and the west-trending Raft batholith. Thus, this fold generation may be related 
to emplacement of these intrusive bodies during the Middle Jurassic to Cretaceous 
(Schiarizza and Preto, 1987; Logan, 2000). An example of this fold generation is a 
synformal structure on the south side of the North Thonq)son River, indicated by large- 
scale folding of the primary foliation. This synform may preserve a west-trending 
‘promontory’ of the structurally overlying rocks in the hanging wall of the Vavenby 
Thrust (Figure 2). As such, it is a western expression of the ‘Grafftmder Lakes Synform’ 
first recognized by Schiarizza and Preto (1987). The appearance of the Unit 7-Unit 8  
succession on both the north and south sides of the structurally overlying early Cambrian
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(and older?) units is another stratigraphie expression of this fold (Figures 2 and 5). 
Therefore, the Vavenby Thrust fault is apparently folded by this deformational episode. 
Other stratigraphie relations in the area suggest axial-parallel antiformal structures may 
also be present. For example, localized erosional ‘windows’ through the thrust sheet in 
the Avery Creek Canyon may be controlled in part by west-trending antiforms.
Early Tertiary
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Figure 6. Schematic structural restoration of Vavenby area rocks (after Johnson and Brown, 1996). 
Field areas of other workers shown.
A still later period of tectonism is represented by a series of north-trending faults. 
The structurally overlying Early Cambrian (and older?) rocks are preserved in 
downdropped blocks defined largely by these northerly faults. Stratigraphie relations 
suggest these are west-side-down normal faults (Schiarizza and Preto, 1987, and this
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paper). For instance, the fault block bounded by the Avery Creek fault and the Jones 
Creek feuH appears to contain the shallowest levels of exposure of the Early Cambrian 
(and older?) succession because it is the only fault block in the area to preserve both 
limbs of a large, Jurassic-age fold (Figure 2). One west-side-down fault, the Chuck Creek 
fault, is seen in a new roadcut along Vavenby-Adams Road about 1 km east of Chuck 
Creek (approx. 5718590N, 314300E), and it places rocks of Unit 2 next to structurally 
lower rocks of Unit 4. One of these faults is known to be of Eocene age (based on cross­
cutting relationships) and this is likely the age of this episode of deformation (Schiarizza, 
1982). Perhaps the youngest structure in the Vavenby map-area is an east to northeast- 
trending fault that defines the North Thompson River valley west of Vavenby, as well as 
the Reg Christie Creek canyon east of Vavenby (North Thompson River/Reg Christie 
Creek feult). This structure is a south-side-down normal fault that offsets the northerly 
trending faults in the area. In the Reg Christie Creek area, this fault separates the 
stratigraphically highest portion of Unit 6  from lower portions of Unit 6  that display a 
higher metamorphic grade.
Locally, the primary Jurassic foliation is crenulated and often shows a well- 
developed crenulation cleavage. This crenulation cleavage seems to have various 
orientations and more study is needed to verify its age. Other workers have assigned an 
Eocene age to crenulation cleavage and late kinks in the area (Schiarizza and Preto, 
1987). The undeformed nature of the crenulation cleavage in the Vavenby map-area 
agrees with the interpretation that these structures are part of the youngest deformational 
episode in this region.
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MINERALIZATION
South of the Vavenby map-area, outcrops of rock units correlative to Units 4, 7 
and Subunit 4b of this map-area (see Figure 2 legend) host syngenetic and epigenetic 
base-metal sulfide mineralization (Hoy and Goutier, 1986; Bailey et al, 2000). Therefore, 
it is reasonable to speculate that rocks of the Vavenby area may also host significant 
mineralization of similar types. Indeed, several showings of sulfide mineralization have 
been reported in and around the Vavenby map-area (Schiarizza and Preto, 1987; Hoy, 
1997). These showings can be classified into two general types: large-tonnage, low-grade 
Cu-Pb-Zn (HARPER CREEK, SIN, VM, VAV NORTH, and VAV SOUTH) and small, 
quartz vein-hosted Ag-Au-Pb deposits (TINKIRK, BIG CHIEF, and MORRISON) 
(Figure 2). The former class of deposits occurs exclusively within the Devonian- 
Mississippian package of metasedimentary and metavolcanic rocks. The latter type 
occurs within both rock types at or near the Vavenby Thrust fault. The potential for 
sedimentary-exhalative (SEDEX) volcanogenic massive sulfide (VMS) deposits also 
exists in the Vavenby area (see below).
Large-tonnage^ low-grade Cu deposits
Large-tonnage, low-grade Cu deposits of HARPER CREEK, SEN, VM, VAV 
NORTH, and VAV SOUTH occur in Unit 7 (dominantly quartz-sericite schist derived 
from felsic to intermediate volcanic rocks) where it is underlain or intruded by 
orthogneiss of Unit Dgn. The HARPER CREEK and VAV SOUTH deposits also contain
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significant molybdenum. Only the HARPER CREEK deposit has been significantly 
developed. Noranda Exploration Conq)any Limited and Quebec Cartier Mining Company 
staked various parts of the deposit in 1966. Exploration work continued into the early 
1970’s, and the deposit was studied in detail by Belik (1973) and Hoy (1997). More 
recently, American Comstock Exploration Ltd. acquired 100% percent interest in the 
deposit and renewed exploration efforts that resulted in a 171-meter section of core 
grading 0,31 percent copper (Exploration in BC, 1996, British Columbia Ministry of 
Energy, Mines, and Petroleum Resources, p. D5).
Overall, the reserves of this prospect are estimated at 96 million tonnes grading 
0.41 percent copper, 0.045 gram per tonne gold, and 2.5 grams per tonne silver 
(Information Circular 1997-1, British Columbia Ministry of Energy, Mines, and 
Petroleum Resources, p. 29). However, one area (the ‘East zone’) contains open-pittable 
reserves of 53 million tonnes grading at 0.37 percent copper, 0.016 percent molybdenum, 
2.8 grams per tonne gold, and 88.4 grams per tonne silver. This deposit contains less 
significant amounts of titanium, zinc, and lead. Mineralization is hosted in tabular, 
chalcopyrite-rich zones within Unit 7.
The local succession that hosts the HARPER CREEK deposit comprises two 
sequences of felsic to intermediate tuffs, separated by mafic tuffs and interbedded fine­
grained clastic sedimentary units. Mineralization includes large zones of disseminated 
sulfides (pyrite, pyrrhotite, chalcopyrite) essentially parallel to foliation trends, and 
several thin massive to semimassive sulfide and sulflde-magnetite layers (Hoy, 1997).
The above description is typical o f this class of deposit within the Vavenby map-area, 
including the VAV NORTH, VAV SOUTH, SIN, and VM claims. All of these deposits
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occur near metamorphosed intrusive bodies of feldspar-quartz orthogneiss (Unit Dgn), 
which suggests that they could be deformed copper porphyry-type deposits. HARPER 
CREEK, however, has been interpreted as a volcanogenic sulfide deposit (Hoy, 1997). 
This interpretation is based on similarities with large semi-conformable alteration zones 
observed in the ‘footwall’ o f massive sulfide deposits (Morton and Franklin, 1987). 
Therefore, these deposits may represent the semi-conformable alteration zones of 
possible VMS deposits. Subsequent erosion, related to deeper structural levels of 
e?q)osure in the Vavenby map-area, may be too deep to have preserved them. This 
interpretation is reinforced by the occurrence of several Kuroko-type VMS deposits 
within Unit 7 to the south, in the Johnson Lake area (REA, SAMATOSUM, etc). Perhaps 
levels of exposure there are not as deep and larger mineralization zones have been 
preserved. To date, no new occurrences of this type of deposit have been found in this 
map-area.
StnaUy quartz vein^hosted Ag-Au-Pb deposits
Small, quartz vein-hosted Ag-Au-Pb deposits occur within Units 4 and 8  at or 
near the Vavenby Thrust fault. They tend to be cm-scale seams of high-grade 
mineralization within quartz veins. These mineralized quartz veins are small (< Im 
width), they £u*e not traceable for any considerable distance, and they are widely spaced 
from each other (tens to hundreds of meters apart).
Sanq)les from the TINKIRK showing have assayed up to 20.6 grams per tonne 
gold and 76.0 grams per tonne silver (Annual Report, Ministry of Energy, Mines, and 
Petroleum Resources, 1922 and Assessment Report 15817 , Ministry of Energy, Mines,
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and Petroleum Resources), A sample from the MORRISON showing contained 13.7 
grams per tonne gold (Assessment Report 436, Ministry of Energy, Mines, and Petroleum 
Resources). During this study, quartz vein-hosted pyrite and chalcopyrite showings in 
similar stratigraphie and structural positions were observed throughout the area. They 
were particularly prevalent near the headwaters of Jones Creek and near the Vavenby 
Thrust feuh. Pyrite is disseminated along fracture planes near these veins. Clay alteration 
halos often extend up to 10 m from the veins. None of the known, quartz-vein hosted 
showings has been significantly developed. However, due to the high-grade nature of 
these deposits, a dense network of these veins could represent an economically viable 
bulk tonnage deposit.
SEDEX deposits
Sedimentary-exhalative (SEDEX) deposits are syngenetic massive sulfide 
deposits that tend to occur in deep-water rift settings (Guilbert and Park Jr., 1986). 
However, the rocks above the Vavenby Thrust fault represent a dominantly shallow- 
water rift setting (see DISCUSSION and Figure 23). These rocks consist of mature 
quartzose (Unit 1) to coarse-grained subfeldspathic grits (Unit 2 ) that pass 
stratigraphically upward into a succession of metavolcanic rocks (Unit 3 and 4). A thick 
carbonate unit (Subunit 4b, the Tshinakin Limestone) occurs within the greenstones of 
Unit 4 and contains minor amounts of fine-grained sediments (see LOCAL 
STRATIGRAPHY).
This Early Cambrian (and older?) succession has not been shown to contain 
SEDEX deposits. However, rocks that are correlative to Unit 4 and Subunit 4b contain
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sediment-hosted Pb-Zn-Ag deposits on the Adams Plateau about 20 km to the south 
(ELSIE, LUCKY COON, KING TUT, SPAR, PET, and MOSQUITO KING claims). 
These deposits are hosted within fine-grained metasedimentary rocks and are generally 
regarded as SEDEX-type massive sulfide deposits (Hoy, 1999; Bailey et al., 2001). In the 
Vavenby map-area, a similar package of metasedimentary rocks (including fine-grained 
calc-silicate schist, quartzite, and slate) occurs within Subunit 4b, This thin interval of 
fine-grained sediments may indicate a deeper water environment. This interval is poorly 
exposed in roadcuts of a new extension of Saskum Plateau Road in the southwest portion 
of the map-area (approx. 5712360N, 309700E), Only sparsely disseminated pyrite was 
seen in these outcrops.
Schiarizza and Preto (1987) reported that the mafic metavolcanic rocks of Unit 4 
increase in thickness along strike to the south where the SEDEX deposits of the Adams 
Plateau occur. This suggests that a syndepositional (growth?) fault to the south may have 
acted as a conduit for mineralized fluids. Thus, the rocks of the Vavenby area are at a 
position tens of kilometers from this conduit, and thus less likely to host SEDEX deposits 
associated with this particular system. However, other syndepositional (growth?) faults 
may exist in the Vavenby map-area and remain undiscovered due to poor exposure.
The Vavenby map-area contains potential for economic mineral deposits of three 
types: (1) large-tonnage, low-grade Cu deposits of either porphyry or VMS types, (2) 
small, quartz vein-hosted Ag-Au-Pb deposits, and (3) SEDEX-type massive sulfide 
deposits. The most promising of the known deposits is the Harper Creek Cu-Pb-Zn 
deposit. However, recent mapping has not revealed any new deposits, and it is likely that 
this is related to levels of exposure in the area. The small, quartz vein-hosted Ag-Au-Pb
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deposits contain high-grade mineralization. Similar quartz veins were not observed in the 
dense networks likely required for economic viabihty of this type of deposit. The tectonic 
characterization of the Early Cambrian (and older?) succession as an evolving 
intracratonic rift (see DISCUSSION/CONCLUSIONS) should help to constrain fiiture 
exploration models of this area. In particular, it seems that a package of fine-grained 
metasedimentary rock within Subunit 4b has significant potential for SEDEX-type 
massive sulfide deposits.
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LITHOGEOCHEMISTRY
Background
Lithogeochemical analysis of metavolcanic rocks can be used to identify 
composition and to help determine the most probable tectonic setting (Irvine and Barager, 
1971; Pearce and Cann, 1973; Winchester and Floyd, 1977; Pearce and Norry, 1979; 
Wood et a l, 1980; Shervais, 1982; Meschede, 1986; Pearce, 1996; Piercey, 1999). This 
technique involves plotting lithogeochemical data as multi-element patterns and as rock- 
type and/or tectonic discriminant diagrams. However, this type of data must be 
interpreted with caution. Lithogeochemical analyses can sometimes produce confusing 
and conflicting results due to variations in source composition, degrees of partial melting, 
and magma contamination (Mustard and Roots, 1997), This can be especially true of 
altered/metamorphosed rocks, basalts erupted through continental lithosphere, or basalts 
associated with extensional tectonics (Morrison, 1978; Thompson et al,, 1980; Coleman 
and McGuire, 1988; Pearce, 1996). Therefore, lithogeochemistry should be only one part 
of the lithogic, stratigraphie, and structural analysis used to identify ancient volcanic rift 
environments (Mustard and Roots, 1997).
Error or data biasing can be introduced into a lithogeochemical analysis by a 
variety of paths. For example, care must be taken to ensure random sampling of a rock 
unit to achieve a uniform sample suite for that unit. This helps to avoid biasing data 
around one locality or one rock type within the unit. Also, a sufficient number of samples 
must be collected to provide a statistically significant and representative suite of data
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(Pearce and Cann, 1973, Pearce, 1996). This is especially true in settings where more 
than one lava type may be present, such as in settings involving extension of continental 
crust or opening of oceanic basins (Coleman and McGuire, 1988, Mustard and Roots, 
1997).
Certain field and analytical sampling methods can also help minimize the chances 
of data corruption. Samples should only be collected from unweathered (and least 
altered) rock away from any veins or igneous dikes and, in the case of basalts, away from 
glassy rims of pillow lavas. Rocks from sample sites should also be petrographically 
analyzed to identify their degree of metamorphism and mineral alteration suites (Pearce, 
1996), This also allows for identification of breccia fragments, clastic components, or 
microveinlets that may be difficult to recognize in the field.
Alteration and metamorphism can also introduce error to lithogeochemical 
analyses. For these reasons, the most useful and diagnostic elements in lithogeochemical 
investigations are immobile during these processes (Winchester and Floyd, 1977; Pearce, 
1996; Piercey, 1999). This is especially true in metamorphosed volcanic rocks such as 
those of the Vavenby map-area. Immobile elements generally include the high field- 
strength elements (HFSEs; Zr, Hf, Nb, Ta, Y, +/- Ti, and +/- P) and rare-earth elements 
(REEs) (Pearce, 1996; Piercey, 1999). In addition, Th, a low field-strength element 
(LFSE) and V, a transition element, are immobile in most systems (Pearce, 1996;
Piercey, 1999). Major-elements are generally considered mobile (with the exception of Ti 
and Al) and extreme caution should be exercised when using them in lithogeochemical 
analyses of altered or metamorphosed rock (Pearce, 1996, Piercey, 1999).
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A considerable range of igneous compatibility is displayed amongst HFSEs, 
REEs, Th, and V. ‘Compatibility’ (or, conversely, ‘incompatibility’) of an element is a 
measure of a given element’s relative preference for either the liquid or solid phase of a 
given partial melt (Piercey, 1999). It expressed as the distribution coefficient (D) where:
D = concentration of a given element in the solid phase 
concentration of that element in the coexisting melt phase
Elements with EKl are considered incompatible elements and tend to concentrate in the 
melt phase during partial melting. These elements are especially concentrated in a melt 
derived from small amounts of partial melting. Also, the most incompatible of these 
elements will become the most enriched in this melt. Elements with D>1 are considered 
compatible and tend to fevor the solid phase. The compatibility/incon^atibility of 
specific elements can also be influenced by temperature, pressure, oxygen fugacity, water 
content, and crystallization of specific mineral phases (Shervais; 1982; Rollinson, 1993; 
Pearce, 1996). Thus, the behavior of incompatible trace elements is dependent on, and 
sensitive to, the conqx)sition of source region, the degree of partial melting, and the 
tectonic environment (op. cits.). For example, the slow spreading rates of continental rifts 
may cause minor amounts of partial melting of mantle source rock (peridotite) and a 
strong enrichment of incompatible elements within the melt (Pearce, 1996). It follows, 
then, that trace-element abundances can provide useful information about the eruptive 
setting of igneous rocks.
40
Trace-element lithogeochemical data are generally normalized to a petrological 
standard, such as primitive mantle (PRIM), mid-ocean ridge basalt (MORE), or chondrite 
meteorite conqx)sition, and plotted onto diagrams with elements of increasing 
incompatibility to the left. The resulting patterns (multi-element plots) can then be 
analyzed to infer the source con^osition, degree of partial melting, and degree of 
possible contamination of the melt by the assimilation of continental crust (Pearce, 1996). 
The most diagnostic and sensitive of these elements, with regard to eruptive setting, are 
also used in specific rock-type and tectonic discriminant diagrams. These diagrams are 
based on suites of samples of known rock types or eruptive setting (Irvine and Barager, 
1971; Pearce and Cann, 1973; Winchester and Floyd, 1977; Pearce and Norry, 1979; 
Wood et al., 1980), as well as experimentally derived chemical data (Shervais, 1982).
Methods
During the summer o f2000, 51 samples were collected from Units 3 and 4 of the 
Vavenby map-area for whole-rock lithogeochemical (major and trace-elements) and 
pétrographie analysis. These metavolcanic units overlie clastic metasedimentary rocks 
within the Early Cambrian (and older?) succession of the Eagle Bay assemblage. Field 
samples were chosen that appeared to be homogenous, representative of the rock type, 
least-weathered, and away from visible veins.
Sufficient quantities of each sample were sent to the Geological Survey of 
Canada's Analytical Chemistry Laboratories (Ottawa, Ontario) for analysis by ftised disk 
X-ray fluorescence (XRF), acid dissolution inductively coupled plasma-mass 
spectrometry (ICP-MS), and acid dissolution inductively coupled plasma-emission 
spectrometry (ICP-ES). Specific methods of sample preparation and analysis used at the
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GSC Analytical Chemistry Laboratories are included in Appendix 2 and are available on­
line (http://www.nrcan. gc.ca/gsc/mrd/labs/chem e.htmlL Other discussions of general 
methods of sample preparation and analysis for these techniques can be found in Jenner 
et al. (1990) and Jenner (1996), A table of detection limits (specifically for the GSC 
Analytical Chemistry Laboratories) is included in Appendix 3. Thin sections were also 
prepared for each sample by Vancouver Petrographies (Vancouver, B.C.) and used for 
pétrographie analysis of the sample rocks.
Pétrographie analysis, in conjunction with whole-rock compositional data, was 
used to screen the samples for high levels of alteration and/or presence of detrital 
components or lithic fragments. This analysis revealed that many of these samples were 
highly sericitized (>2 0 % sericite), usually in conjunction with minor silica veinlets.
These highly sericitized and silicified samples corresponded with a subset of the 
lithogeochemical data that plotted randomly and well outside of any basalt field in the 
discrimination diagrams. REE data for these samples showed highly anomalous patterns 
that indicated non-magmatic signatures apparently related weathering and alteration (see 
Metamorphism/Alteration). The presence of other alteration minerals such as calcite and 
epidote (where not in association with sericite) did not correlate with anomalous trace- 
element patterns. Also, where pétrographie analysis indicated the presence of lithic 
fragments or detrital components, sample data was discarded. In all, data from 19 of 51 
samples was discarded.
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Results
The results of lithogeochemical analysis are presented in Appendix 1 and 
summarized in Table 1. Lithogeochemical data is plotted as multi-element plots and in 
various rock-type and tectonic discriminant diagrams (Figures 12-21). Most of these 
diagrams make use of immobile elements. Major-elements are considered mobile, so they 
are only used in more general plots to help distinguish between major rock types.
These lithogeochemical plots display data from three groups of volcanic rocks. 
Unit 4 is broken into two genetic subsets for the purposes of displaying lithogeochemical 
data. These include metabasalts of Unit 4 from the Vavenby map-area (EBG), as well as 
a chemically distinct subset of that group (EBG*). This subset (EBG*) comes from fine­
grained mafic metavolcanic rocks near the exposed top of Unit 4; whereas one is from a 
coarser-grained (gabbroic?) body that seems to intrude Units 2, 3, and 4b. It is possible 
that these rocks represent a single eruptive event. Several samples of felsic to 
intermediate metavolcanic rocks of Unit 3 (EBGQ are also included where appropriate.
Rock Type Classification (Major-element Classification)
As mentioned earlier, alteration and metamorphism can have significant effects 
on major-element compositions. In an attempt to discern original major-element 
abundances, the major-element data was recalculated to account for addition of H2O and 
CO2 This process simply subtracts the weight percents (wt. %) of these elements 
(expressed in this dataset as oxides) and normalizes the remaining major-element data to 
100%, However, this analysis does not account for the possible mobility of other major- 
elements.
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For instance, the presence of abundant calcite within the metabasalts of the 
Vavenby area suggests possible addition of Ca and CO2 (see Appendix 1). A plot of CaO 
vs. CO2 (Figure 7) shows that many samples (approx. 40%) show a nearly one to one 
correspondence between CaO and CO2. This demonstrates that, among this sample 
subset, all Ca exists in the calcite molecule (CaCOs). If it is then presumed that all Ca 
was introduced to the rocks by diagenetic processes, a mathematical correction for Ca 
(according to the amount of CO2 present) can be performed. This results in these samples 
going to around 0 wt. % CaO, an unlikely scenario for any mafîc igneous rock.
Therefore, the Ca within this sample subset is presumably native to the rock. It 
subsequently bonded with CO2 (presumably introduced during later diagenetic processes) 
to form CaCOs. Among the remainder of the samples (about 60%), the same hypothetical 
recalculation for Ca results in decreased CaO wt. %, but it does not take them to zero, 
leaving open the possibility of Ca addition. The overall distribution of Ca within these 
samples supports field and pétrographie observations of calcite occurring both as an 
alteration product and as younger veins. Due to the uncertainty regarding possible Ca 
addition to a given sample, a correction of major oxide abundances for Ca addition 
cannot be performed.
It appears that other major-elements, such as Al, may have been mobilized during 
metamorphism and/or alteration as well. Figure 8 shows AI2O3 plotted against Ti0 2 . Al 
and Ti are known to behave similarly during igneous processes but behave quite 
differently during diagenetic processes (Kerrich and Wyman, 1996). Thus, an unaltered 
specimen will show a linear relationship between these two elements while a scatter plot 
(Figure 8 ) suggests some alteration and mobility one or both of these elements. Zr
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behaves similarly to both A1 and Ti in igneous systems and is immobile during alteration 
and metamorphism (Kerrich and Wyman, 1996). Thus, the mobility of A1 is confirmed by 
Figure 9, which shows that the systematic (linear) igneous relationship of these two 
elements has been obscured by alteration and/or metamorphism. Conversely, the linear
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34
30
Calcite Correlation Line (approx)
15
10
O o5
0
3425 302010 150 5
CO; (wt%)
Figure 7. A plot of CaO vs. CO2. Note that approximately 40% of samples fall along calcite 
correlation line, indicating that Ca in these samples is probably native.
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relationship of Zr and Ti (Figure 10) confirms the immobility of these two high field 
strength elements, showing their usefulness for lithogeochemical analysis. Major-element 
mobility can skew major-element chemical data (Figure 11), and thereby render major- 
element classifications (such as in Figures 12 and 13) suspect.
Figure 12  contains a plot of SiO] versus Zr/TiOa (after Winchester and Floyd, 
1977). This discrimination diagram is based on an increase in the Zr/TiOz ratio produced 
by progressive differentiation of magma. This is due to the tendency of Ti to increase in
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Figure 8 . AI203 plotted against Ti02. AI and Ti are known to behave similarly during igneous 
processes but behave quite diflerently during diagenetic processes. Thus, a scatter indicates probable 
major-element mobility during alteration.
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compatibility as oxides begin to crystallize whereas the compatibility of Zr remains 
constant except in felsic systems. Also, the amount of the increase in the Zr/TiOa ratio 
versus the increase in SiO: provides a good index of the alkalinity of the rock (Pearce,
1996). The problem with this scheme is that for rocks with low silica contents (such as 
basalts), there is less ability to discriminate between alkalic and subalkalic compositions. 
It is also likely that addition of major-element oxides (such as CaO) has depressed the 
SiOz values, as mentioned above.
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Figure 9. A plot of Zr vs. AI2O3. Note the nonlinear relationship between these two elements. This 
indicates that the original igneous relationship has been obscured by a Iteration/meta morph ism.
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Figure 12 shows that EBG rocks tend to straddle the alkaline(AB)- 
subalkaline(Sul>AB) line. EBG* rocks also plot in the subalkaline to alkaline field. 
cRocks of EBGf plot in the rhyodacite/dacite to rhyolite field, confirming the felsic 
nature of these metavolcanic rocks. The high Zr/Ti ratios of these rocks suggest that they 
may contain zircons suitable for geochronological analysis.
The Nb/Y ratio is also a usefiil indicator of alkalinity for rock-type classification 
(Pearce and Cann, 1973; Winchester and Floyd, 1977). Thus, a plot of Zr/TiOi versus 
Nb/Y is better able to discriminate levels of alkalinity between basaltic rock types. The
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Figure 10. A plot of Zr vs. Ti. These elements behave similarly during igneous processes. The linear 
relationship confirms the immobility of these two high field strength elements.
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Figure 11. A plot of Si02 vs. CaO. Note the possible correlation of increasing CaO with decreasing 
Si02. This illustrates how mobility can skew major-element analyses.
only major-element used in this plot (Ti) is shown to be immobile in these rocks (see 
Figure 10). Figure 13 shows the various lithogeochemical compositions of metavolcanic 
rocks of the Vavenby area. EBG metabasalts rocks generally plot in the alkaline basalt 
field. Two of these samples plotted outside of the basalts field in both Figures 12 and 13. 
These sanq>les may therefore be inappropriate for use in basalt discrimination diagrams 
and suggest the presence of minor amounts of rocks derived from more andesitic lavas in 
the Vavenby area. They are not included in basalt tectonic discriminant diagrams 
(Figures 16-21). EBG* metabasalts straddle the alkalic-subalkalic transition. Rocks of 
Unit EBGf plot as andesitic to rhyodacitic/dacitic.
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The evidence of major-element mobility, mentioned above, underscores the 
problems of using major-elements in lithogeochemical classification schemes for altered 
or metamorphosed rocks. For instance, the addition of Ca or A1 will result in a decrease 
in the relative abundance of SiOz (see Figure 11). Note the low SiOz values in Figure 12 
(average SiOz composition of basalts is around 49% (Cox et al., 1979)). Thus, the 
classification of metavolcanic rock types from the Vavenby area is based not only on 
chemical data, but it is based on field and pétrographie observations (including the 
presence o f40-70% mafic minerals), as well.
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Figure 12, A  rock-type discrimination diagram (Si02 versus Zr/Ti02) (Winchester and Floyd, 1977). 
Silica contents are likely suppressed due to major-element addition.
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Figure 13. A rock-lype discrimination diagram (Winchester and Floyd, 1977) based on the immobile 
elements Ti, Zr, Nb, and Y.
Multi-element Plots (Trace-element Plots)
Figure 14 is a MORB-normalized, multi-element plot with elements of increasing 
incon^atibility plotted to the left. It should be noted that a more extensive array of 
elemental data could be used here (as in Figure 15). However, many of these elements 
display very similar lithogeochemical behaviors (Wood et al., 1980) and thus may 
obscure the lithogeochemical signature (Pearce, 1996). Therefore, a small array of 
elemental data is initially used here. This array of elements was originally identified by 
Pearce (1996) for use in multi-element plots for two reasons: first, they all display high 
degrees of immobility during metamorphism and alteration. Second, they exhibit a
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relatively broad range of incompatibility between them. Thus, these elements can 
essentially contain all of the discriminatory ‘power’ for basaltic rocks (Pearce, 1996).
From Figure 14, it is apparent that the rocks of EBG* form a distinct chemical 
subset of EBG in the Vavenby area. As mentioned above, these rocks may have been 
deposited near the stratigraphie top of Unit 4 during a single eruptive event.
The overall relation between EBG and EBG* in Figure 14 suggests the presence 
of two distinct magma types within a single eruptive setting. The data plotted from the 
main series of metabasalts (EBG) display the relative enrichment values, high Ti/Y ratio, 
and negative slope characteristic of alkalic within-plate basalts (WPB) (Pearce, 1996). 
WPB can be either ocean-island or rifr-related basalts (Pearce, 1996; Piercey, 1999). 
Rocks of EBG* show distinctly lower levels of enrichment of the most incompatible 
elements, as well as a significant depletion of Zr relative to the WPB signature of EBG 
rocks. This type of pattern is consistent with a basalt of less alkalic composition erupted 
in a WPB-MORB ‘transitional’ tectonic setting or, in other words, basalt erupted through 
highly attenuated continental lithosphere (Pearce, 1996). This could indicate that rocks of 
EBG* were derived from either higher degrees of partial melting or a more-depleted 
mantle source than rocks of EBG (Pearce, 1996).
Rocks of EBGf show higher levels of enrichment indicating derivation from a 
more highly evolved magma. They also display a negative Nb anomaly, discussed below.
Figure 15 is a primitive mantle-normalized REE plot. It confirms the same 
general relation between EBG and EBG* seen in Figure 14 (see above). The general 
shape of EBG metabasalts is characteristic of WPB, while that of EBG* metabasalts
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Figure 14. A MORB-normalized, multi-element plot with elements of increasing incompatibility to 
the left. Note the differentiation trend among the various suites.
shows distinctly lower levels of enrichment. Figure 15 also shows that both EBG and 
EBG* rocks contain a positive Nb anomaly. This indicates that these rocks are derived 
from non-arc-related basalts (a distinct negative Nb anomaly is characteristic of arc- 
related basalts) (Piercey, 1999). There is also a subtle negative Ti anomaly (low Ti/Eu 
ratio) in these rocks. This type of anomaly is characteristic of residuum from low oxygen 
fugacity magma systems in which plagioclase has been extracted (Cox et al., 1979; 
Piercey, 1999), This also indicates that Vavenby area metabasalts were not derived from 
arc-related volcanism (which is relatively wet and characterized by high oxygen fugacity 
magma) (Shervais, 1982; Piercey, 1999).
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Figure 15. A primitive mantle (PRIM)-iiormalized REE plot. Note the positive NB anomaly among 
EBG and EBG* rocks. EBGf rocks display negative Eu/Ti anomaly.
EBGf rocks display a distinct negative Nb anomaly in both Figures 14 and 15. 
However, the tectonomagmatic significance of this anomaly for felsic rocks is unclear 
(Piercey, 1999). It may signify either an arc-affmity (Piercey, 1999), fractional 
crystallization of certain mineral phases (i.e., rutile and titanite) that have high partition 
coefficients for Nb (Piercey, 1999), or it may merely indicate contamination by 
continental crust (Christiansen and Keith, 1996). The stratigraphie association of EBGf 
rocks with the metabasalts of EBG and EBG* (which are non-arc-related) precludes the
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interpretation that this negative Nb anomaly is an arc signature. Therefore, it is likely 
related to fractionation processes and/or contamination by continental crust.
Tectonic Discrimination Plots
The immobile elements Ti, Zr, and Y are plotted in Figure 16 to help determine 
tectonic setting (Pearce and Cann, 1973). This plot is based on the variable geochemical 
behavior of HFSEs within differing tectonic environments (Piercey, 1999). It is 
particularly useful in discriminating between basalts of WPB character (within-plate 
basalt) from those ofVAB (volcanic arc basalt) and/or MORB character (Pearce, 1996). 
EBG rocks plot in the WPB field with a distinct trend toward and into fields B&C (calc- 
alkaline basalt). Some EBG* rocks continue this trend; others plot in field A (low 
potassium tholeiites).
Superimposed on the plot is an ellipse thought to define the WPB/MORB 
transitional setting as well as petrogenetic vectors for various degrees of partial melting 
and enrichment of a garnet Iherzolite mantle facies (MM; after Pearce, 1996). The 
petrogenetic vectors help to explain the WPB/MORB transitional ellipse: lower degrees 
of partial melting would be expected of a slowly spreading continental rift than of a 
rapidly spreading mid-ocean ridge (Pearce, 1996). The MORB/WPB transitional ellipse 
could also define plots of basalts erupted from areas of plume-ridge interaction (‘E- 
MORB’; characterized by a higher degree of mantle source enrichment) (Pearce, 1996). 
Stratigraphie relations preclude a normal mid-ocean ridge setting for the Vavenby area 
metavolcanic rocks. However, the possibility of plume influence cannot be completely 
discounted. The diagram also shows the average upper crustal composition (UC) and the 
petrogenetic vector resulting from crust-magma interaction (or ‘contamination’ of the
55
magma) (Pearce, 1996). There may be a subtle trend along this vector, possibly indicating 
some crustal contamination of the parent magma.
The abundances of the immobile elements Hf, Th, and Ta are plotted in Figure 17 
to help determine the tectonic setting of these basalts (after Wood, 1980), The Th-Ta 
ratio is particularly effective at discriminating between destructive plate margin settings 
and other settings due to enrichment of Th in destructive plate margin settings. 
Furthermore, enrichment of Hf with respect to Ta is associated with eruption in a normal 
mid-ocean ridge (N-MORB) setting. However, several workers have reported problems 
with this diagram (Thompson et al, 1980, Pearce, 1996). For instance, this diagram tends 
to scatter data from basalts erupted through attenuated continental lithosphere 
(WPB/MORB transitional) settings across several fields. However, this problem can be 
overcome by using the Hf-Th-Ta diagram in conjunction with the Ti-Zr-Y diagram of 
Pearce and Cann (1973) (Wood, 1980) or the Nb-Zr-Y diagram of Meschede (1986) 
(Figure 18) (Piercey, 1999). Furthermore, the ‘scattering’ of data fix>m basalts erupted at 
transitional settings is systematic and can be used to indirectly characterize the type of 
transitional setting (see Figures 16 and 17) (Pearce, 1996).
The Hf-Th-Ta ternary plot for the Vavenby area metabasalts is shown in figure 17 
(after Wood, 1980). This diagram is effective for discriminating between arc and non-arc 
basalts (Piercey, 1999), It is based on depletions of HFSE’s (i.e.. Ta and Hf) relative to 
LFSE’s (Le., Th) found in arc-related basalts (Wood, 1980). EBG and EBG* basalts plot 
in the alkaline within-plate basalt (WPB) field. Again, this type of pattern is characteristic 
of the type of scatter associated with basalts erupted through attenuated continental 
lithosphere (Pearce, 1996). The petrogenetic vectors of Figure 17 indicate that lower
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degrees of partial melting of a mantle melt source (MM) can lead to alkalic WPB 
compositions. The Hf-Th-Ta plot also shows the average upper crustal composition (UC) 
and the petrogenetic vector resulting from upper crustal ‘contamination’ of alkalic 
WPB’s, The trend of EBG rocks toward this UC conoqposition again suggests some degree 
of crustal contamination among these basalts. Note that EBG* rocks show little or no 
crustal contamination conq>onent.
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Figure 16. A tectonic discriminant plot based on the immobile elements Ti, Zr, and Y (after Pearce 
and Cann, 1973) with petrogenetic vectors after Pearce (1996). Superimposed on the plot is an ellipse 
believed to define the WPB/MORB transitional setting (eruption through highly attenuated 
continental lithosphere). The petrogenetic vectors result from varying degrees of partial melting 
and/or enrichment of a mantle melt source (MM) as well as from magmatic contamination by 
average upper crust (UC).
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Figure 17. A Hf-Th-Ta ternary pk>t (after Wood, 1980) with petrogenetic vectors after Pearce (1996). 
Superimposed on the plot is an ellipse believed to define the WPB/MORB transitional setting 
(eruption through highly attenuated continental lithosphere). The petrogenetic vectors result from 
varying degrees of partial melting and/or enrichment of a mantle melt source (MM) as well as from 
magmatic contamination by average upper crust (UC).
Figure 18 shows a Nb-Zr-Y diagram (after Meschede, 1986). Non-arc rocks are 
enriched in HFSE’s, and this diagram is based on variations in enrichments of these 
HFSE’s (Meschede, 1986). Thus, this diagram is the most effective at discriminating 
between various types of non-arc rocks (Piercey, 1999), Figure 18 confirms that EBG 
metabasalts are derived from alkalic, within-plate basalts. EBG* metabasalts plot in the
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Figure 18. A Nb-Zr Y diagram (after Meschede, 1986). EBG rocks plot as alkaline within-plate 
basalts (WPB). EBG* rocks plot in the enriched mid-ocean ridge basalt (E-MORB) field.
enriched mid-ocean ridge (E-MORB) field, indicating that the more-primitive nature of 
these metabasalts may be due to eruption at a mid-ocean ridge setting above an enriched 
mantle source (plume?).
Y versus Nb is plotted in Figure 19 to discriminate between various types of 
alkalic basalts with respect to within-plate or ocean ridge setting (Pearce and Cann, 
1977). EBG plots well in the WPB field. However, EBG* rocks trend into the oceanic 
field. This supports also indicates that Vavenby area metabasalts record the transition 
from eruption of within-plate basalts to the eruption of more primitive basalts (MORB?) 
typical of a more oceanic-type setting.
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Figure 19. A Y versus Nb plot (after Pearce and Cann, 1977). EBG sample show a WPB signature. 
EBG* rocks trend into the oceanic field.
V is plotted versus Ti in Figure 20 to determine the level of oxygen activity 
within the magma system that produced the Vavenby area metabasalts (Shervais, 1982). 
At different oxygen activity levels (oxygen fugacity), the lithogeochemical behavior of V 
varies considerably while the behavior of Ti remains relatively constant (Shervais, 1982). 
Specifically, with more oxygen fugacity in a magma system, V becomes increasingly 
compatible, and the distribution coefficient (D) decreases. This is due to the multivalent 
behavior of V. At low oxygen fugacities ( /02 = -12), is the prevalent chemical species 
(D = 5). At high oxygen fugacities (/O2 = -6 ), becomes the dominant species (D = 
0.05). Therefore, in arc settings where water, and thus oxygen, is more important than in
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other eruptive settings, V tends to prefer the solid phase and becomes depleted in 
erupting magmas, giving them lower V/Ti ratios.
The EBG and EBG* rocks form a trend from the alkalic basalt field well into the 
MORB/WPB field. Figure 20 confirms stratigraphie evidence, as well as other 
lithogeochemical evidence, that there is no arc affinity with the Vavenby area basalts.
Figure 21 is a tectonic discriminant diagram based on variable enrichments of Zr 
with respect to Y (Pearce and Norry, 1979). Most of EBG rocks plot in the WPB field.
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Figure 20. A tectonic discrimination diagram using V and Ti (after Shervais, 1982). There appears to 
be no arc affinity within any of the Vavenby area basalts (EBG and EBG*).
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EBG* rocks plot in the MORB field. The EBG and EBG* metabasalts again indicate a 
transition from alkalic WPB to more primitive (MORB?) basalts.
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Figure 21. A plot of Zr with respect to Y to determine tectonic setting (Pearce and Norry, 1979). Most 
of EBG plots in the WPB field. EBG* plots in the MORB field. These samples indicate a transition 
from alkalic WPB to more primitive basalt, as seen In other diagrams.
Discussion o f Lithogeochemical Analysis
A summary of lithogeochemical results is given in Table 1. Overall, the 
lithogeochemical data support the interpretation that metavolcanic rocks throughout the 
Vavenby map-area were erupted within an evolving rift setting. The three metavolcanic 
rock suites of the Vavenby map-area record an acceleration of extensional tectonics, 
decompression melting, and rift-related volcanism. The stratigraphically lowest package
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of metavolcanic rock. Unit 3 (EBGf), was derived from felsic volcanic rocks that 
experienced significant differentiation and/or crustal contamination. The alkalic suite of 
mafic metavolcanic rock of Unit 4 (EBG) contains chemical evidence of derivation from 
low degrees of partial melting of a mantle source and eruption through attenuated 
continental lithosphere (most likely in a continental rift setting). These metabasalts 
display some evidence of crustal contamination (Figures 16 and 17) and are chemically 
similar to the alkaline ‘plateau’ basalts erupted along the flanks of Arabia during initial 
stages of the opening of the Red Sea (Coleman and McGuire, 1988; Haase et al,, 2000).
The more primitive (and stratigraphically highest) subset of Unit 4 (EBG*) 
indicates a transition to higher degrees of partial melting and less crustal contamination. 
This increase in partial melt percentage led to the eruption of more primitive lavas and is 
likely related to a shift to higher rates of extension (and a corresponding increase in 
decompression melting of the underlying mantle) in an evolved rift or mid-ocean ridge 
setting (Pearce, 1996). A small amount of sub-alkalic, MORB-like basalts, derived from 
high degrees of partial melting and characteristic of a young ocean basin, have been 
reported in association with alkalic metabasalts of Unit 4 farther to the south near 
Johnson Lake (Bailey, et al., 2001; Suzanne Paradis, pers. comm.). The contemporaneous 
eruption of subalkalic to alkalic basalts is also observed in volcanic rocks related to the 
opening of the Red Sea (Haase et al., 2000).
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Table 1. A summary of results 
area.
of lithogeochemical analyses of metavolcanic rocks from the Vavenby
EBG EBG* EBGf
Pétrographie
analysis
Plagioclase-phyric 
Chlorite to 
chlorite-pyroxene 
greenstone 
(metabasalts and 
metagabbros)
Plagioclase-phyric 
Chlorite to 
chlorite-pyroxene 
greenstone 
(metabasalts and 
metagabbros)
Quartz-feldspar- 
sericite schist to 
quartz-feldspar- 
chlorite-sericite 
schist
(metarhyolites)
Figure 12/
S i 0 2  V. Z r /T iO z
Rock type
Sub-alkalic to 
alkalic basalt
Sub-alkalic to 
alkalic basalt
Rhyodacite/dacite 
to rhyolite
Figure 13/ 
Zr/TiOz V. Nb/Y 
Rock type 
discriminant
Alkalic basalt Sub-alkalic to 
alkalic basalt
Andésite to 
rhyodacite/dacite
Figure 14/
MORB
normalized, multi­
element 
plot
Alkalic WPB; 
derived from low 
% partial melt; 
rift-related
WPB/MORB 
transitional; 
derived from 
moderate % partial 
melt; rift-related
Evolved magma 
w/ crustal 
contamination(?)
Figure 15/
PRIM normalized, 
REE plot
Alkalic WPB; 
derived from low 
% partial melt; 
rift-related
WPB/MORB 
transitional; 
derived from 
moderate % partial 
melt; rift-related
Evolved magma 
w/ crustal 
contamination(?)
Figure 16/ 
Ti-Zr-Y ternary 
/ tectonic 
discriminant
WPB; derived 
from low % partial 
melt and some 
crustal
contamination(?)
Transitional or low
potassium
tholeiites -------
Figure 17/ 
Hf-Th-Ta ternary/ 
tectonic 
discriminant
WPB; derived 
from low % partial 
melt and some 
crustal
contaminatioo(?)
WPB; derived 
from moderate % 
partial melt; little 
or no crustal 
contamination
-------
Figure 18/ 
Nb-Zr-Y ternary/ 
tectonic 
discim inant
Alkalic WPB E-MORB (plume- 
ridge interaction)
Figure 19/
Y V. Nb/ tectonic 
discriminant
Alkalic WPB Alkalic MORB
Figure 20/ 
Vv. Ti/ 
Tectonic 
discriminant
Alkalic WPB or 
MORB(?)
WPB or MORB
Figure 21/ 
Zr V. Zr/Y 
/tectonic 
discriminant
WPB MORB (?)
64
In general, lithogeochemical data show that the metavolcanic rocks of the 
Vavenby area are derived from alkalic to subalkalic, mafic volcanic rocks, with lesser 
amounts of more felsic volcanic rocks. Stratigraphie relations in the Vavenby map-area 
suggest that the coarsening upward sequence of siliciclastic sediments (Units 1 and 2) is 
conformably overlain by various eruptive suites of volcanic rock (Unit 3 and 4) that were 
deposited in a continental rift setting. Lithogeochemical and stratigraphie relations seem 
to indicate a subsequent transition to the eruption of more primitive magmas, indicating 
an increase in extensional tectonism and decompression melting within an evolving rifr 
setting. This suite of volcanic rocks is very similar to those reported from initial ocean 
basin openings through time (i.e. Red Sea, Coleman and McGuire, 1988; Hegner and 
Ballister, 1989, Haase et al, 2000; Atlantic Ocean, Bryan, et al, 1977; lapetus Ocean, 
Bedard and Stevenson, 1999).
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DISCUSSION
The lithostratigraphic units of the Vavenby area readily correlate to other 
components of the pericratonic Kootenay Terrane as well as the Rocky Mountains 
(Figure 22) (Okulitch, 1979; Schiarizza and Preto, 1987). Units 1 and 2 are lithologically 
very similar to the Late Proterozoic-Early Cambrian Hamill Group, a quartz-rich 
sandstone and conglomerate unit that underlies the laterally-extensive Early Cambrian 
archaeocyathan-bearing carbonate platform (Badshot-Donald-Mural Formation) 
preserved farther east in the Kootenay Terrane (Schiarizza and Preto, 1987, Devlin,
1989). The archeocyathan-bearing Tshinakin Limestone of the Vavenby map-area 
provides a time-stratigraphic correlation with the Badshot-Donald-Mural Formation, 
though it is unclear if the patchy carbonate complexes of the Vavenby map-area were part 
of the contiguous Badshot-Donald-Mural platform. An Early Cambrian archeocyathan 
locality exists within the Tshinakin Limestone, northwest of Vavenby (Schiarizza and 
Preto, 1987). The present study confirms the existence of highly recrystallized, 
archeocyathan-like fossils at this locality and perhaps one other (See LOCAL 
STRATIGRAPHY, Subunit 4b). Unit 3 and 4 metavolcanic rocks occur in a similar 
stratigraphie position to other mafic metavolcanic rocks of the northern Kootenay 
Terrane. These include the Fish Lake Volcanics, a thin package of mafic metavolcanic 
rocks that locally occur between the Hamill Group and the overlying carbonate platform 
(Kubli and Simony, 1992) and the ‘greenstone-graded sandstone unit’ of the Hamill 
Group (Devlin, 1989) (Figure 6 ).
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Structural relations confirm correlation of Eagle Bay rocks with rock units in the 
Kootenay Arc. For example, palinspastic restoration of early Tertiary displacement, 
related to exhumation of the Monashee Complex, places Eagle Bay rocks approximately 
adjacent to rocks of the Kootenay arc (Figure 6 ) (Johnson and Brown, 1996). 
Furthermore, the west- to southwest-verging overturned folds present in the Eagle Bay 
assemblage are very similar to the unique Jurassic-aged structural style of the western 
Kootenay Arc (i.e., the Selkirk Fan Structure, Colpron et al., 1998) (see STRUCTURE). 
Vavenby Mop Area
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Figure 22. Regional correlations of the early Cambrian (and older?) succession of the Vavenby with 
other rocks of the Kootenay Terrane. These correlations are based on lithology, stratigraphie 
relation to archeocyathan-bearing carbonate, structural restorations, and structural style*
An Early Cambrian rifting event within the southern Canadian Cordillera was 
suggested by the backstripping analysis of Bond and Kominz (1984). Their work 
suggested that the onset of post-rift thermal subsidence, which led to deposition of the 
ancient Pacific passive margin sediments, correlated with an Early Cambrian rift-to-drift
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(ocean opening) event along the western edge of North America. Indeed, workers have 
now shown that Late Neoproterozoic to Early Cambrian deposition of Hamill Group and 
Jasper Member strata occurred in discrete, laterally-discontinuous half-graben basins 
bounded by synsedimentary normal faults (Figure 23) (Devlin, 1988; Kubli and Simony, 
1992; Lickorish and Simony, 1995; Warren 1997). This tectonic setting led to a coastal 
depositional environment with uplifted footwall blocks raised along these normal faults 
(Lickorish and Simony, 1995). Rivers carried sediment from these uplifted source areas 
across fluvial braidplains (Jasper Member, lower McNaughton Formation, Gog Group) 
and into a shallow marine setting (Hamill Group) with some volcanism (Devlin, 1989; 
Kubli and Simony, 1992; Lickorish and Simony, 1995). Correlative rock units of the 
Vavenby map-area represent a more westerly expression of this paleogeographic scenario 
(Figure 23). In particular, they contain a much thicker package of metavolcanic rock, 
indicating that this near-shore rift environment also produced voluminous amounts of 
volcanic material. This volcanic package appears to retain the lithogeochemical signature 
of an actively evolving continental rift. This type of subalkalic to alkalic eruptive suite, as 
well as the stratigraphie association with rift-related, continentally-derived siliciclastic 
and shallow-water carbonate sedimentation, is similar to the stratigraphy of ancient and 
modern incipient ocean basins (i.e. Red Sea, Coleman and McGuire, 1988; Hegner and 
Pallister, 1989; Atlantic Ocean, Bryan, et al., 1977; lapetus Ocean, Bedard and 
Stevenson, 1999).
Various regional unconformities within the correlative Hamill/Gog Group are 
proposed as expressions of a ‘rift-to-drift’ transition (Kubli and Simony, 1992; Warren,
1997) recording the onset of thermal subsidence of a volcanic rifted margin and the
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Figure 23. A palet^eographic reconstruction of the Kootenay area during early Cambrian. It is a 
coastal depositional environment with uplifted footwall blocks raised along normal faults. Rivers 
carried sediment from these uplifted source areas across fluvial braidplains (depositing the Jasper 
Member of the lower McNaughton Formation of the Gog Group) and into a shallow marine setting 
(Hamill Group). Further west, rift-related volcanism created volcanic edifices and deposited the 
metabasalts of the Vavenby area on top of syn-rift sediments. Subaerial exposure of these volcanoes 
is uncertain.
deposition of more laterally extensive strata in a passive margin sequence (as suggested 
by Bond and Kominz (1984)) (Figure 24), The impressive thickness of Early Cambrian 
shallow-water carbonates in the Eagle Bay assemblage may indicate a period of rapid 
regional subsidence of this ancient continental margin. The Early Cambrian (and older?) 
succession of the Eagle Bay assemblage contains the (heretofore) missing component of 
thick mafic volcanic rocks of this rifted margin scenario. The interpretation that these 
rocks were deposited in an evolving rift setting is supported by the occurrence of 
sedimentary-exhalative (SEDEX) deposits within correlative units to the south.
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Figure 24, A paleogeographic reconstruction of the Kootenay area during late early Cambrian time. 
The onset of thermal subsidence has led to formation of a laterally extensive, archeocyathan-bearing 
carbonate complex. In the Vavenby area, carbonate complexes fringed volcanic platforms before 
being overwhelmed by subsequent volcanism. However, the extensiveness of these complexes In the 
Vavenby area is unclear. Subaerial exposure of these volcanic platforms is uncertain.
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CONCLUSIONS
The Vavenby map-area is dominated by an overturned Early Cambrian (and 
older?) succession of quartz-rich and feldspathic metasedimentary and metavolcanic 
rocks, structurally emplaced above Devonian to Mississippian metasedimentary and 
metavolcanic rocks of the Eagle Bay assemblage. The older succession is of particular 
interest because the age of these rocks corresponds to an established Early Cambrian 
rifting event in the southern Canadian Cordillera (Bond and Kominz, 1984; Devlin and 
Bond, 1988; Lickorish and Simony, 1995; Warren, 1997). The stratigraphie succession 
that includes Units 1 through 4 consists of a coarsening upward sequence of siliciclastic 
sediments (Units 1 and 2) that pass stratigraphically upward into thick sequences of 
metavolcanic rocks (Units 3 and 4). The Tshinakin Limestone (Subunit 4b) is contained 
within the mafic volcanic rocks of Unit 4. Overall, this stratigraphie succession records 
the transition from deeper water, turbiditic and pelagic sedimentation to a period of 
tectonism and creation of a shallow-water (to subaerial?), mafic volcanic edifice. These 
volcanic vents erupted alkalic to subalkalic bimodal volcanic rocks that seem to contain 
the lithogeochemical signature of a transition from a continental rifr setting to a period of 
increasing extension that led to the eruption of more primitive, MORB-like basalts. These 
volcanoes temporarily supported Early Cambrian carbonate platforms that were 
subsequently overwhelmed by mafic volcanic flows and volcaniclastic deposits. The 
identification of the Early Cambrian (and older?) package of rocks in the Vavenby map- 
area as an evolving continental rifr should help to constrain friture mineral exploration 
models.
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The litho logics and lithogeochemical signatures of the Early Cambrian (and 
older?) succession of the Eagle Bay assemblage, as well as correlative components of the 
Kootenay Terrane, support the interpretation that Units 1,2, 3,4, and 4b record a period 
of tectonism and volcanism associated with the break-up of North America by latest 
Early Cambrian time.
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Appendix 1. Geochemical data, uncorrected. ‘Max DifP refers to maximum difference between 
repeated samples (n=2).
SûlüH,E_NO Mix D fi SÛM-2 SQM-23B SOM-39 SAM-50 SAM-52 SAM-54 SAM-85B SAM-106
U N I T E B G E B G E B G E B G E B G E B G E B G E B G
S I  0 2  (W 0. 10 43. 60 45. 30 43. 70 43.20 41.00 45. 90 52.40 51. 30
T I  0 2 0. 01 1.99 2. 01 1. 90 1.68 2.68 1.69 2  77 1.31
A L 2 0 3 0. 10 16.40 13. 30 11.90 13. 70 13.20 16. 70 13.60 13. 10
FE 20  3(tot£ 0.00 10. 90 14. 20 10. 50 10. 80 12.40 13.40 11.40 7.00
MN O 0. 00 0. 13 0. 17 0. 12 0. 20 0. 17 0. 20 0. 15 0.20
M GO 0.07 8. 14 7. 16 5. 39 5.32 6. 43 11. 03 6.86 4.42
C A O 0.10 6.42 6.64 12. 86 11. 31 10. 97 3. 07 5. 39 8 37
N A 2 O 0 10 4. 70 2.90 3.00 3. 30 4. 40 4. 50 3.50 5. 00
K 2 O 0.01 0. 05 0.44 0. 13 1. 99 0. 47 0. 17 0.78 0.87
H 2 0 0. 1 4.9 4. 5 3.5 3.0 3.4 5.2 3.9 2.4
0 0 2 0.0 4. 1 4 .8 8.4 6 ,4 6.3 0.2 0.5 6.3
P 2 0 5 0. 01 0. 34 0.46 0.28 0 37 0.44 0. 25 0. 37 0.54
T O T A L 0. 3 101.7 101.8 101. 7 101. 2 101.8 102. 1 101.5 100.8
S t  (ppn) 0.01 0. 00 0. 00 0. 00 0. 00 0.03 0. 00 0.00 0.06
B a 100 75 240 87 500 96 66 930 2800
A g 0. 2 0. 1 0.0 0. 1 0.0 0. 1 0.2 0.0 0.2
B e 0.1 0.6 1.4 0. 5 1. 3 1.2 0 8 1.5 0.6
B i 0.0 0.0 0.0 0. 0 0.0 0.0 0. 0 0.0 0. 0
C d 0.0 0.0 0 0 0 .0 0. 0 0.0 0.0 0.0 0.0
C o 2 37 39 43 32 44 60 43 22
C r 9 221 14 230 151 361 684 241 25
C s 0.20 0. 16 0. 96 0. 13 2. 80 2.40 0.63 0.49 1.40
C u 21 60 63 80 77 101 0 72 51
G a 1.00 18. 00 20. 00 16. 00 17. 00 19.00 21. 00 21. 00 12 00
H f 0.20 2.80 3. 20 2.60 2. 70 2. 90 3. 60 4. 20 5. 90
1 n 0. 00 0.05 0 08 0.06 0.08 0. 10 0.06 0.09 0.07
Mo 0. 1 0.3 0. 0 0. 0 0.3 0.0 0. 0 0. 5 0.0
N b 1.00 29. 00 51. 00 22.00 42.00 56. 00 33.00 45.00 69.00
N i 1 72 22 139 51 165 272 125 24
P b 1 3 4 2 4 2 1 4 26
R b 2.00 0.72 16.00 1.90 42 00 12.00 3.70 13.00 15. 00
S b 0.2 0 2 1.5 0.4 4.5 2.6 4. 6 0.7 4.4
S c 1. 0 26. 0 24. 0 26. 0 26. 0 28. 0 50. 0 29. 0 12 0
S n 4 .0 0.0 2 .0 0.0 5. 0 2 0 3.0 2.0 3.0
S r 10 340 340 290 620 420 100 200 420
T a 0.10 1.60 2.60 1.20 2. 10 3. 10 1.70 2.50 4.70
T e 0.0 0.0 0. 0 0.0 0.0 0.0 0.0 0.0 0.0
T h 0. 20 2  80 5.70 1.80 4. 90 3.50 4. 80 3. 80 8.00
T 1 0.03 0. 00 0 07 0.00 0. 19 0. 12 0.03 0.09 0. 10
U 0. 02 0. 57 0. 70 0 57 0.97 0. 70 1.10 1.00 1.50
V 9 264 356 234 318 233 328 317 173
Z n 9 84 125 92 90 109 112 115 64
Z r 30. 0 150.0 170 0 140. 0 160.0 220.0 150.0 230.0 260.0
C e 1. 0 46. 0 78. 0 42. 0 72. 0 80. 0 63. 0 70.0 85.0
D y 0.20 4. 10 6. 10 4. 10 5.40 5.80 6. 00 6. 10 6. 10
E r 0. 10 2. 10 3. 10 1.80 2. 70 2  40 3.00 2.50 3.30
E u 0. 10 1.70 2. 30 1.60 2.20 2.60 2. 40 2.60 2  20
G d 0.20 4. 90 7. 30 4. 90 6.40 7. 80 6. 50 7.70 7. 10
H o 0. 01 0. 78 1.20 0. 73 1.00 1.00 1. 10 1.10 1.20
L a 1.0 22. 0 38.0 19.0 36. 0 37. 0 30.0 32. 0 42  0
L u 0. 02 0.29 0.42 0. 23 0.36 0.25 0.40 0.29 0. 61
N d 2.0 22.0 35. 0 23.0 33. 0 39.0 30. 0 37.0 40. 0
P r 0. 30 5.60 9 30 5.40 8.80 10. 00 7. 90 9.20 10. 00
S m 0. 30 5 00 7.40 4. 90 6. 70 8.40 6.60 7.90 7. 80
T b 0.04 0 71 1.00 0. 73 0 93 1. 10 1. 00 1. 10 1. 10
T m 0.02 0.28 0.44 0.26 0 40 0. 32 0.43 0.35 0. 54
Y 1.00 21. 00 35.00 21.00 31. 00 29. 00 33, 00 31.00 34. 00
Y b 0. 10 1.80 2 60 1.50 2. 20 1.70 2  60 2. 00 3. 60
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S«VFLE_ND SAM-113A S4M-118A S4M-125 SAM-139 SAM-179 SAM-206A SAM-206B SAM-211 SAM-212A SAM-233
U N I T E B G E B G E B G E B G E B G E B G E B G E B G E B G E B G
S 1 0 2  (W9 44.20 41.40 47.60 47. 80 32. 10 42 50 44.20 25.30 42.20 43.40
T I 0 2 3.27 1. 74 1.96 2  10 3. 14 2.52 2 5 4 1.75 1. 39 3.25
A L  2 0 3 14.30 14. 50 15.30 15. 50 15. 10 10.90 10.60 6.70 16.60 16.50
F E 2 0  3{tota 13.70 13.20 13.70 11.40 16.70 13.20 13.40 7.90 11.30 15.80
M NO 0.24 0,21 0.20 0. 13 0.27 0. 19 0. 18 0. 19 0.20 0.23
M GO 10.58 3.68 6.45 7.20 11.02 11.00 11.70 6.88 7.16 5. 59
C A O 6. 01 9.97 4. 79 7.84 8.25 14. 14 11.28 23.85 10.58 5.24
N A 2  O 3. 00 4.70 4.60 4. 10 1.40 1.00 1.50 0. 50 3.20 4.40
K 2 O 0.52 1.26 0.65 0. 59 0.45 0.46 1.00 0 02 0.46 1.05
H 2 O 5. 1 2 6 3. 9 3.4 6.4 3.4 3.6 3.7 4. 1 4. 1
0 0 2 0.4 7.8 2 .2 1.0 5.9 1.7 1.1 20. 1 3.3 1.4
P 2  0 5 0.64 0.43 0. 38 0.26 0.72 0. 30 0.29 0. 21 0.28 0.87
T O T A L 102. 1 101. 5 101.9 101.4 101.4 101.3 101. 5 97.2 100.9 101.9
S t  (ppn) 0.00 0.00 0. 00 0.02 0.00 0. 04 0.05 0.00 0.00 0.03
B a 490 460 230 790 540 250 860 78 390 630
A g 0.2 0. 1 0. 1 0.2 0.4 0. 1 0.0 0 .2 0.0 0. 1
B e 1.4 1. 5 0 .8 1.3 0. 8 1.2 1.4 0.0 0. 9 2.2
B i 0 .0 0.0 0.0 0.0 0. 0 0.0 0. 0 0.0 0.0 0.0
C d 0.0 0. 0 0 .0 0.0 0.0 0.0 0.0 0.3 0.0 0.0
C o 52 36 43 49 75 61 58 48 43 39
C r 38 234 92 451 373 547 547 420 147 0
C s 0.83 1. 50 1. 40 0.65 0. 99 1. 30 2 6 0 0. 11 1. 10 7.50
C u 173 16 19 91 138 66 56 142 40 24
G a 22.00 20. 00 19.00 19.00 25.00 18. 00 19.00 12.00 18.00 21.00
H f 5. 10 3.80 3. 50 2. 30 5. 20 3. 30 3.60 2.80 2  40 4.40
1 n 0. 10 0. 06 0. 11 0.07 0.08 0. 10 0.07 0.06 0.06 0.09
Mo 0.4 0 0 0. 0 0. 5 0. 0 0.6 0. 4 0.3 0.2 1.7
N b 78.00 48.00 37.00 25.00 79.00 39.00 40.00 26.00 22.00 66.00
N i 128 62 32 232 183 168 173 209 61 0
P b 11 7 4 6 8 6 4 6 4 4
R b 13.00 33. 00 21.00 10.00 18. 00 12.00 23. 00 0.29 12 00 33. 00
S b 1. 1 0 .8 0. 0 0.8 2.5 2. 1 1.9 0.7 1. 7 0.6
S c 36.0 24.0 27.0 31.0 27.0 42 0 43.0 30.0 32. 0 13.0
8  n 2  0 0 .0 0. 0 0. 0 2  0 2 0 0.0 0.0 0.0 0.0
S r 130 340 220 510 220 550 340 600 760 500
T a 4.50 3.00 2.20 1.60 4. 90 2.40 2.50 1.60 1.30 3. 60
T e 0.0 0.0 0.0 0. 0 0.0 0.0 0. 0 0.0 0.0 0 0
T h 6.90 6.80 5. 30 1.90 6. 50 3.40 3.30 2  10 2.20 5.50
T I 0.07 0. 13 0. 10 0.06 0. 10 0. 06 0. 15 0.00 0.06 0.19
U 1.50 1. 20 0. 97 0.47 1.40 0.79 0.83 0. 81 0.46 1.20
V 388 276 306 283 248 331 348 237 255 153
Z n 111 110 123 102 230 107 105 83 98 125
Z r 250.0 210.0 180. 0 140. 0 300.0 160.0 160.0 120.0 130.0 240.0
C e 110. 0 90.0 76.0 35. 0 130.0 63.0 60.0 47.0 42 0 110.0
Dy 6.70 5.80 6.40 4.40 6. 10 4.90 4.90 3.80 4.20 7.00
E r 2  80 2  80 3. 00 2  00 2. 60 2  10 2.00 1.60 2  00 3. 30
E u 3.00 2 4 0 2  40 1.60 3. 20 2.00 2.00 1.60 1. 50 3.00
G d 8.50 7.30 7. 80 4.90 8.90 6. 30 6.40 4.80 4. 80 8.60
H o 1.20 1. 10 1.30 0.83 1. 10 0. 90 0. 91 0.74 0.85 1.30
L a 56.0 49.0 38.0 17. 0 65. 0 30.0 29.0 2 2 0 20. 0 53.0
L u 0. 34 0. 43 0. 39 0.24 0.33 0.24 0.22 0.19 0. 27 0.44
N d 48.0 42 0 37.0 19. 0 56. 0 33.0 32.0 25.0 20.0 48.0
P r 13.00 11.00 9.40 4.60 15.00 8.20 7.80 6.00 5.00 13.00
8  m 9.70 8.00 8.00 4.60 10.00 6.80 6.60 5.00 4.70 9.50
T b 1.20 1. 10 1. 10 0 76 1.20 0.89 0.91 0.71 0.73 1.20
T m 0.41 0.43 0.44 0.29 0.37 0.29 0.29 0.24 0.30 0.47
Y 33.00 32.00 35. 00 23.00 30.00 25.00 25.00 20.00 22.00 37.00
Vb 2 3 0 2.80 2. 80 1.70 2 3 0 1.60 1.60 1.30 1.80 3.00
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S«M1_E_fO SOM-235 SQM-271 SÛM-2731 SQM-275 SQM-276 SQM-40L SQM-4 SQM-137 SQM-185 ! SQM-2154
UNI T E B G E B G E B G E B G E B G E B G E B G * E B G * E B G * E B G *
S 1 0 2  (W 40.00 40.70 43.60 37.60 41.00 42.30 42.30 47.80 40.70 41.10
T I 0 2 1.54 2 3 5 2  31 3.04 2 7 9 1.38 1.28 1.26 1.27 0.84
AL 2 0 3 14.70 16.10 15.80 13.50 12.80 16.70 13.90 13.10 15.50 9.60
FE2O3<t0tî 10.70 15.10 15.40 12.40 11.80 11.30 14.60 12.60 13.30 15.00
MNO 0.16 0. 12 0.24 0.17 0.18 0.20 0.18 0.14 0. 16 0. 17
MGO 7.40 5.48 4.48 6.08 7.51 7.09 13.31 11.88 8.56 21.58
C A O 13.22 7. 16 5.85 12 76 13.21 10.68 8.50 5.76 7.24 6 1 0
N A 2 O 1.90 4.50 4. 10 3.20 2 7 0 3.30 1.00 3.50 3. 50 0. 10
K 2 O 1.68 0.89 0.85 0.35 1.43 0.47 0.71 0.10 0.09 0.03
H 2 O 4.0 3.9 4. 1 4.4 3.0 4. 1 5.3 4.5 5.2 7.3
0 0 2 5.4 4.9 4.3 7.4 4 .4 3.3 0.5 0.8 5.5 0. 1
P 2  0 5 0.36 0.69 0.51 0.68 0.52 0.29 0.20 0.18 0.11 0.13
T O T A L 101.1 101.9 101.5 101.7 101.4 101.2 101.9 101.6 101.1 102 0
S t  (ppn) 0. 06 0.00 0.03 0.07 0.02 0.00 0.03 0.00 0.00 0.00
B a 2300 320 470 330 930 350 1100 290 210 -20
A g 0.1 0.0 0.2 0.0 0.0 0. 1 0.2 0.2 0.1 0.0
B e 0.8 2 2 1.4 0.8 1.6 0.9 0.6 0.0 0.0 0.5
Bl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C d 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C o 38 60 43 54 43 44 67 62 49 108
C r 231 253 12 268 259 156 554 405 267 1300
C s 0.93 1.20 1. 50 0.50 8.90 1. 10 0.31 0.21 0.23 0. 11
C u 123 26 12 91 47 43 129 81 140 61
G a 17.00 26.00 22.00 20.00 18.00 19.00 17.00 14.00 19.00 12.00
H f 1.70 5.40 4.00 5.20 4.20 2 5 0 2.00 1.10 1.20 1.20
1 n 0.07 0.07 0. 10 0.09 0.07 0.06 0.07 0.05 0.06 0.00
Mo 0.5 0.0 0.5 1.0 0.0 0.3 0.0 0.0 0.0 0.2
N b 31.00 54.00 40.00 85.00 74.00 23.00 14.00 13.00 10.00 9. 10
Ni 137 213 0 143 117 62 388 268 104 907
P b 3 4 5 3 5 4 0 4 2 0
R b 22.00 24.00 33.00 6.00 50.00 13.00 14.00 1. 10 1. 10 0.45
S b 0.3 0.2 0.0 3.2 1.7 1.9 0.6 0.5 0.0 2.6
S c 33.0 17.0 24.0 22.0 34.0 33.0 33.0 33.0 34.0 20.0
S n 2 0 2  0 2 0 3.0 2 0 2 0 2 0 2 0 2  0 0.0
S r 430 250 340 280 710 770 320 45 290 29
T a 1.80 3.40 2 3 0 4.80 4.20 1.30 0.90 0.96 0.64 0.45
T e 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0
T h 2 6 0 4.50 5.90 5.70 6.20 2 3 0 0.94 0.83 0.61 0.73
T 1 0. 11 0.11 0. 19 0. 11 0.37 0.07 0.07 0.00 0.00 0.00
U 1.30 1.20 1.20 1.40 1.50 0.48 0.29 0.16 0.14 0.23
V 254 168 407 262 289 264 284 241 279 151
Z n 91 188 170 125 104 107 107 93 94 101
Z r 120.0 270.0 160.0 260.0 200.0 100.0 83.0 42.0 45.0 45.0
C e 48.0 69.0 77.0 110.0 90.0 43.0 24.0 21.0 16.0 15.0
D y 4. 50 4.00 6.50 6.80 5.30 4.30 4.20 3.70 3.00 2 5 0
E r 2  10 1.40 3.30 2.90 2 4 0 2  10 2  10 1.80 1.60 1.20
E u 1.50 2 2 0 2 5 0 3.30 2.20 1.60 1.40 1.10 0.72 0.92
G d 5. 10 6.40 7.40 8.70 6.80 5.00 4.30 3.70 3.00 2 6 0
H o 0.89 0.66 1.30 1.20 1.00 0.85 0.83 0. 72 0.64 0.50
L a 24.0 32.0 39.0 51.0 47.0 21.0 11.0 8.8 7.0 6.3
L u 0. 27 0. 16 0.48 0.34 0.32 0.28 0.28 0.20 0.22 0.17
Nd 23.0 35.0 37.0 49.0 37.0 21.0 15.0 13.0 9.7 8.9
P  r 5.90 8.60 9.30 13.00 10.00 5.30 3.40 2 8 0 2 2 0 2  10
S  m 5.20 7.70 7.80 9.50 7.30 4.70 3.70 3. 10 2 6 0 2 3 0
T b 0.78 0.84 1. 10 1.20 0.98 0.75 0.70 0.59 0,49 0.42
T m 0.31 0. 19 0.50 0.42 0.35 0.32 0.31 0.26 0.25 0.19
Y 24.00 17.00 36.00 36.00 28.00 23.00 23.00 19.00 17.00 14.00
Y b 1.80 1. 10 3.20 2.40 2 2 0 1.90 1.80 1.50 1.50 %
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S<»Ml£_ND S% I-7A 8% I-7B S0M-88A S0M-228B
U N I T E B G f E B G f E B G f E B G f
S  1 0 2  ( W' 60.50 61.70 62.80 72.60
T I  0 2 0.63 0.85 0.51 0.54
A L 2 0 3 20.20 18.60 15.40 12 90
F E 2 0  3 ( to tï 6 .60 6.50 6.00 5.60
M N O 0.03 0.11 0.09 0.03
M G O 2.08 2.09 3.39 1.66
C A O 0.39 1.21 2.69 0.06
N A 2  O 1.60 1.00 3.80 1.80
K 2  O 4.56 3.81 1.59 2.37
H 2  O 3 .4 3 .6 2 .9 2 .4
0 0 2 0 .2 0 .8 1.9 0 .3
P 2 0 5 0.16 0.21 0.11 0.08
T O T  A L 100.3 100.6 101.3 100.5
S t  (ppn) 0.00 0.00 0.00 0.09
B a 1200 760 770 550
A g 0 .0 0.1 0 .0 0 .0
B e 3 .9 4 .3 1.7 1 .8
B i 0 .0 0 .5 0 .2 0 .0
C d 0 .0 0 .0 0 .2 0 .0
C o 15 29 15 10
C r 95 151 33 89
C s 6.00 5.40 1.60 2.30
C u 0 39 37 18
G a 30.00 28.00 16.00 19.00
H f 3.40 8.00 3.80 6.90
1 n 0.10 0.06 0.26 0.00
M o -0 .2 0 .4 1.0 0 .0
N b 19.00 22.00 11.00 11.00
N 1 45 92 0 35
P  b 17 27 4 10
R b 220.00 190.00 48.00 100.00
S  b 0 .4 0 .5 0 .6 -0 .2
S c 17.0 18.0 20.0 11.0
S n 4 .0 8 .0 0 .0 0 .0
S  r 110 140 160 36
T a 1.30 1.50 0.84 0.83
T e 0 .0 0 .0 0 .0 0 .0
T h 25.00 27.00 7.50 13.00
T 1 1.30 1.10 0.25 0.57
U 3.60 5.00 2.00 2.40
V 79 115 128 71
Z n 96 157 66 87
Z r 130.0 270.0 150.0 230.0
C e 160.0 160.0 44.0 70.0
D y 6.70 6.20 2.60 3.00
E r 3.30 3.30 1.60 1,50
E u 1.80 1.70 0.81 0.85
G d 8.40 8.00 3.20 3.70
H o 1.30 1.20 0.55 0.60
L a 84.0 70.0 23 .0 34.0
L u 0.49 0.54 0.29 0.27
N d 66.0 60.0 18.0 28.0
P  r 19.00 17.00 4.90 8.00
S  m 12.00 11.00 3.50 4.90
T b 1.30 1.10 0.47 0.52
T m 0.52 0. 51 0.26 0.25
Y 37.00 36.00 17.00 17.00
Y Ob 3.10 3.30 1.80 1.70
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Appendix 2. Analytical geochemistry methods and determination limits from the Geological Survey 
of Canada’s Analytical Chemistry Laboratories.
See text for discussion of sampling techniques.
The following infonnatim is taken from: http://www.nrcan.gc.ca/gsc/mrd/labs/chem_e.html 
Sample crushing and/or grioding
Rock samples are prepared for geochanical analysis by jaw crushing to 1.5 cm, sub-sampling and 
pulvOTZing in a Bico c^amic disc grinder followed by reduction to <100 mesh powder in a ceramic ball 
mill. Final product is a 20g vial of representative powdar suitable few* acid dissolution or fusion. 
Approximately 5g total rock powder required for a standard whole-rodc and trace-metal analysis.
Analysis of silicate and mineralized rocks
1. Major elements (X-ray fluorescence) (METHOD XRF-100)
Analysis is completed by fused disk wavelength dispersive X-ray Fluorescence. This method is 
not suitable for samples containing greater than 5% S or significant amounts of barite, percent 
levels of copper or lead or for samples for whidi insufficient quantities are available for producing 
a fused disk majcN* element determinations for these samples are completed using the ICPES-100 
package. When ICP-ES and ICP-MS are also requested, Ba, Nb, Rb, Sr and Zr values may be 
obtained using these techniques.
2.
Analyte Limit of determination (%)
SiOz 0.50
TiOz 0.02
AlzOs 0.40
CrzOz 0.02
FCzOz total 0.10
MnO 0.01
MgO 0.10
CaO 0.10
NazO 0.50
KzO 0.05
P2O5 0.02
Ba 0.002
Nb 0.003
Rb 0.002
Sr 0.002
Zr 0.002
Sample required: 1.0 g. If XRF-100 and L.O.I. are requested together (METHOD XRF-110), an 
additional 0.5 g sample is required.
Major elements (ICP-ES) (METHOD ICPES-100)
Analysis is completed by Rising the sample with a mixed lithium metaborate - lithium tetraborate 
flux, dissolution of the flision melt followed by analysis by ICP emission spectrometry. This 
method is suitable for samples containing greater than 5% S or significant amounts of barite, 
percent levels of copper or lead or samples for Wiidi sufficient quantities are not available for the 
determination of major elements by XRF, If required, the determination of Rb, Sr, Nb and Zr by 
ICP spectrometry is available on request. This method can also be applied to samples smaller than 
0.5 g when necessary.
87
Analyte Limit of determination (%) Analyte Limit of determination (%)
SiOz 0.5 CaO 0.01
TiOz 0.02 NazO 0.03
AI2 O3 0.2 K2 O 0.05
CrzOs 0.02 P2 O5 0.01
FczOs 0.06 Ba 0.003
MnO 0.01 Loss on Ignition 0.1
MgO 0.04
Sample required: 0.5 g
3. Supplementary whole rock determinations (volatiles)
Ferrous Iron is determined using the Wilson Method (titrimetric). H2 O (total) and CO2  (total) are 
determined using combustion followed by infra-red spectrometry. Loss on ignition is determined 
by gravimetry at 900 C.
Param eter Sample required Limit of determination, %
FeO 0.2g 0.2
0.5g 0.1
COztotal 0.5g 0.1
4. T race elements
Determinations are based on the total dissolution of the sample using nitric, perchloric and 
hydrofluoric acids followed by a lithium metaborate fusion of any residual material. For ICPES- 
110 package analysis is done using ICP emission spectrometry. Fot ICPMS-100 and ICPMS-110 
packages, analysis is done using ICP mass spectrometry. Elements listed in ICPES-110 may be 
determined by ICPMS-100 or lCPMS-110 at our discretion when analyte concentrations are too 
low f(H* determinaticHi by ICP-ES.
Trace elements 1 (ICP emission spectrometry)
METHOD ICPMS-nO
Element Limit of determination (ppm) Element Limit of determination (ppm)
Ag 5 Pb 10
Ba 10 Sc 0.5
Be 0.5 Sr 5
Co 5 V 5
Cr 10 Y 5
Cu 10 Yb 0.5
La 10 Zn 5
Ni 10 fZr 10
Mo 5
Sample required: 1.0 g
Trace elements 2 (ICP mass spectrometry):
Rare-earth elements + Y
METHOD ICPMS-100
Element Limit of determination (ppm) Element Limit of determination (ppm)
Ce 0.1 Nd 0.1
Dy 0.02 Pr 0.02
Er 0.02 Sm 0.02
Eu 0.02 Tb 0.02
Gd 0.02 Tm 0.02
Ho 0.02 Y 0.02
La 0.1 Yb 0.05
Lu 0.02
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Trace elements 2 (ICP mass spectrometry): 
Other trace elements 
METHOD ICPMS-110
Element Limit of determination (ppm) Element Limit of determination (ppm)
Ag 0.1 Pb 2
Bi 0.5 Rb 0.05
Cd 0.2 Sn* 0.5
Cs 0.02 Ta 0.2
Ga 0.1 Th 0.02
Hf 0.05 TI 0.02
In 0.05 U 0.02
Mo 0.2 Zr 0.5
Nb 0.05
on demand
Sample required; 1.0 g
Note: detection limits below those quoted are available on special request. Other elements on 
request.
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Appendix 3. Normalizing values used in multi-element geochemical plots.
Element
MORB (mid-ocean ridge basalt) 
ppm
PRIM (primitive mantle) 
ppm
Th 0.185 0.088
Nb 3.58 0.65
Y 34.2 3.9
Ti 9000 1134
Zr 90 9.8
Ce 11.97 1.59
La N/A 0.63
Pr N/A 0.251
Nd N/A 1.21
Sm N/A 0.399
Hf N/A 0.28
Eu N/A 0.15
Gd N/A 0.533
Tb N/A 0.0974
Dy N/A 0,661
Er N/A 0.432
Yb N/A 0.442
Lu N/A 0.066
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